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Chapter I:
The distribution of invasive bivalve, Corbicula fluminea, 
in tidal freshwater Mattaponi and Pamunkey Rivers, Virginia
1
ABSTRACT
The Asian clam, Corbicula fluminea, is one of the most invasive bivalves in the 
world but there is limited research on its presence in tidal freshwater systems. Despite its 
introduction into Chesapeake Bay tributaries in the 1970s, the initial colonization and 
subsequent development of populations of C. fluminea in the Mattaponi and Pamunkey 
sub-tributaries of the York River, Virginia, is mostly undocumented. This study assessed 
the spatial distribution and population structure of C. fluminea in tidal freshwater sections 
of these rivers (~45km) with benthic surveys during summer 2011 -  2012. Benthic grabs 
(2.4L, 0.023m ) taken at 40 sites in each river were analyzed for clam abundance and 
size. In addition, relationships between abiotic factors and clam distribution within each 
river were evaluated using Akaike’s Information Criterion (AIC) to compare a set of 
generalized linear models. C. fluminea was present at the majority of sites in both rivers 
during both years, with mean densities (m'2) during 2011 and 2012 of 660 and 410 for 
Mattaponi River; 1,451 and 834 for Pamunkey River. Populations were dominated by > 
90% juvenile clams (< 6mm shell length), which is common for C. fluminea populations 
during recruitment periods. Both rivers had lower abundance during 2012, suggesting 
that C. fluminea is actively reproducing but not necessarily accumulating in the system. 
High juvenile and adult mortality are characteristic of C. fluminea populations.
Compared to other invaded systems, C. fluminea in Mattaponi and Pamunkey Rivers is a 
low-to-moderate level invasion based on clam density. Using AIC analysis, the best- 
supported models included factors of distance upriver (km), % sand, depth (m), and year. 
Distance and % sand showed positive relationships with C. fluminea abundance and had 
significant parameter estimates in all models (a = 0.05). Spatial analysis in GIS showed
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that C. fluminea was widely distributed throughout the rivers but achieved higher 
densities further upriver and in sandier habitats. Despite these trends, Corbicula densities 
were highly variable, highlighting eurytopic habitat preferences of this species that have 
led to its successful invasion of tidal freshwater habitats. Populations may also be 
controlled by the high degree of physical disturbance in tidal freshwater systems and 
predation by fish and waterfowl.
3
INTRODUCTION
Tidal Freshwater Benthic Communities
Benthic communities are fundamental components of estuarine ecosystems. The 
benthos influences processes such as nutrient dynamics, physical dynamics of the 
sediment, and trophic energy transfer (Diaz and Schaffner, 1990). Estuarine benthic 
communities are important contributors to secondary production, providing essential 
links between diverse organic matter sources and ecologically and economically 
important finfish and crustaceans (Cicchetti, 1998). In estuaries around the world, 
including Chesapeake Bay, the distribution and diversity of benthic organisms is strongly 
influenced by salinity (Diaz and Schaffner, 1990).
Tidal freshwater systems in an estuary are unique transitions between the non- 
tidal freshwater and oligohaline portions, and hence support distinctive benthic 
communities (Odum, 1988). These systems are characterized by measurable tidal 
fluctuation and average annual salinity below 0.5 practical salinity units (psu), however 
salinity can increase > 5 psu during drought conditions (Yozzo and Diaz, 1999; Odum, 
1988). Tidal freshwater ecosystems have been largely understudied by limnologists due 
to the presence of tidal influence and salinity, and often ignored by marine ecologists due 
to presence of freshwater and dominance by freshwater organisms (Odum, 1988).
For the Chesapeake Bay ecosystem, the flora and fauna of tidal freshwater are 
similar to that of non-tidal freshwater, however no macrobenthic species is specifically 
adapted for living in tidal freshwater conditions (Diaz and Boesch, 1977). Instead, Diaz 
and Boesch (1977) suggest that the macrobenthic community is composed of species that 
are adaptable to changing environmental conditions and resilient to the common physical
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disturbances observed within the tidal freshwater reaches of the system. The benthic 
community of tidal freshwater provides a vital prey resource for the resident and 
migratory fishery species that depend upon tidal freshwater wetlands as a nursery habitat 
and feeding ground (Yozzo and Diaz, 1999). In Chesapeake Bay, it has been estimated 
that the highest amount of macrobenthic organic carbon production (i.e. potential trophic 
energy) on a unit area basis is found in tidal freshwater habitats (32.7 metric tons 
C#km2#yr'1) while the lowest is in euhaline habitats (8.2 metric tons C#km2*yr'1) (Diaz 
and Schaffner, 1990). The majority of macrobenthic production in tidal freshwater 
Chesapeake Bay tributaries is attributed to the non-indigenous invasive species Asian 
clam, Corbicula fluminea, while the euhaline production is distributed more evenly over 
many species.
Invasive Species & Success o f Non-indigenous Bivalves
The introduction of non-indigenous species poses a significant challenge for 
protecting natural environments and ecosystem services, as the rate of reported invasions 
has increased exponentially over the past 200 years (Karatayev et al., 2009; Ruiz et ah, 
2000). Species richness in North American native freshwater macroinvertebrates is 
largely represented by insects (73%), while invading species richness is dominated by 
crustaceans (37.7%) and mollusks (50.7%), which includes 18 bivalve species (23.4% of 
invading species) (Karatayev et al., 2009). This trend is similar for non-indigenous 
marine invertebrates found in North American bays and estuaries, as invading species 
richness is dominated by crustaceans (27.8%) and mollusks (20.3%), which includes 18 
bivalve species (Ruiz et al., 2000; Sousa et al., 2009). Some of these bivalve species
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overlap in distribution, as invading species often have broad salinity tolerances. Estuaries 
and bays are invaded more frequently than open coastal systems because they are subject 
to relatively more shipping traffic (i.e. ballast water release) and fisheries activity, which 
together account for 89% of invasions in North America (Carlton, 1992; Ruiz et al.,
1997; Ruiz et al., 2000).
Successful invading organisms are often filter and suspension feeders with 
abundances 2.5-3 times those of native species. This shift in dominant feeding guild may 
lead to greatly enhanced benthic-pelagic coupling in the presence of high densities of 
invaders (Karatayev et al., 2009). Suspension feeders generally have broad, non- 
selective diets that include a wide range of microalgae, organic matter, small zooplankton 
and even glochidia larvae and young juveniles of other bivalves (Karatayev et al., 2009; 
Yeager et al., 2000). As a result, suspension-feeders exhibit favorable characteristics to 
become successful invasive species. Historically, suspension-feeding bivalves that reach 
high densities and have fast growth rates were not prolific in European and American 
freshwaters. More recently, the globalization of trade has greatly facilitated the spread of 
these species, thus the native benthic invertebrate community is at risk for dominance by 
nonindigenous bivalves (Karatayev et al., 2007; Karatayev et al., 2009). Studies are 
needed to determine what factors facilitate the spread of invasive species, as well as the 
potential impacts to the structure and function of an invaded system (Carlton, 1992;
Sousa et al., 2008).
While there has not been much research devoted to invasive species within tidal 
freshwater systems, these transitional habitats are susceptible to invasion from both non- 
tidal freshwater and marine species. The presence and distribution of invasive benthic
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fauna in the York River estuary remains poorly studied, and, in general, benthic 
community data is lacking in the tidal freshwater and oligohaline portions (Gillett and 
Schaffner, 2009). Without knowledge of the fauna in these regions, it is impossible to 
predict the trajectory of the invasion and implications for benthic community structure 
and function. This thesis is focused on the ecology and impacts of C. fluminea in the 
tidal freshwater reaches of the York River estuarine system, a tributary to the Chesapeake 
Bay.
Distribution & Life History o f  Corbicula fluminea
The Asian clam, C. fluminea, is a small, infaunal bivalve native to Southeast Asia. 
Considered one of the most invasive bivalves in the world, it is now abundant in North 
and South America and Europe (McMahon, 1999). It was first reported in North 
America on the Pacific Coast in 1924 (Counts, 1981), most likely brought over as a food 
source by Chinese immigrants (McMahon, 1982). The species was found along the 
Atlantic Coast by the 1970’s, with reports in the James River in 1971 (Diaz, 1974) and 
the tidal freshwater Potomac River in 1975 (Dresler and Cory, 1980). Despite its 
establishment in these Chesapeake Bay tributaries in the 1970’s, the presence of C. 
fluminea in the York River and its tributaries, the Mattaponi and Pamunkey Rivers, is 
sparsely documented. A few previous studies have noted that C. fluminea was abundant 
in Mattaponi River, but absent in Pamunkey River (Dauer and Rodi, 2004; Roberts et a l, 
2004; Wickel, 2010).
The prolific spread of C. fluminea around the world may be supported by its 
reproductive capabilities. C. fluminea is a simultaneous hermaphrodite, capable of cross-
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and self-fertilization (McMahon, 1999). Fertilized eggs are brooded in the inner 
demibranch until released as pediveliger larvae (-200 pm shell length, SL), complete 
with a fully formed foot and gills. This may be an advantageous strategy for invaders 
because brooding is thought to enhance larval retention within favorable habitats. 
Pediveligers may immediately attach to the substrate with a byssal thread or may be 
transported downstream by turbulent conditions (McMahon and Williams, 1986a). 
Incubation time is 5-6 days, and an average adult may release hundreds of pediveliger per 
day during the biannual reproductive periods, typically in early summer and early fall 
(McMahon, 1999). C. fluminea mature rapidly and can attain a reproductive size (6- 
10mm SL) in three to twelve months. Given these characteristics, C. fluminea may 
rapidly establish dense, new populations from single isolated individuals. During 
recruitment periods, C. fluminea populations are typically dominated by juveniles (<6mm 
SL). Diaz (1974) observed over 99% of C. fluminea collected in James River, Virginia 
were juveniles; Dresler and Cory (1980) observed 89% of C. fluminea in Potomac River, 
Maryland, belonged to the first year class (SL <12mm). Despite the dominance by 
immature clams, high mortality rates of juveniles and adults cause most C. fluminea to be 
semelparous annuals (McMahon, 1999).
Carbon assimilation in C. fluminea is largely allocated to growth (60%) and 
reproduction (11%), thus sustaining rapid individual growth rates and annual population 
production rates among the highest recorded for freshwater bivalves (Aldridge and 
McMahon, 1978; McMahon, 1999). This elevated production is facilitated through 
substantial suspension feeding and deposit-feeding capabilities. Suspension feeding by a 
Potomac River C. fluminea population was estimated to filter one-third of the water in
this region each day (Cohen et al., 1984), and has been attributed to increased water 
clarity and SAV resurgence (Phelps, 1994).
A flexible feeding strategy may enhance the success of C. fluminea when 
phytoplankton resources are scarce. C. fluminea has the ability to deposit feed on organic 
matter in the sediments (Reid et al., 1992; Vaughn and Hakenkamp, 2001; Hakenkamp 
and Palmer, 1999). During deposit feeding, C. fluminea uses cilia on its foot to collect 
organic matter from the sediment surface or interstitially while burrowing (Reid et al., 
1992). In a series of lab and field experiments, C. fluminea consumed significant 
quantities of organic matter from the sediments when conditions favored deposit feeding 
and exhibited 55% greater weight gain than organisms that were limited to only 
suspension feeding (Hakenkamp and Palmer, 1999). When conditions favored only 
suspension feeding, C. fluminea increased the amount of buried organic matter through 
biodeposition of feces and pseudofeces. When conditions favored deposit feeding, 
Hakenkamp et al. (2001) found a decreased abundance of benthic bacteria, flagellates, 
and diatoms.
Environmental Tolerance & Habitat Preferences of Corbicula fluminea
Considered a freshwater species, C. fluminea is generally not found at salinities > 
5 psu (Diaz, 1974; Evans et al, 1977; McMahon, 1999), but can tolerate salinity up to 
10-14 psu (Morton and Tong, 1985). C. fluminea is intolerant of even moderate hypoxia, 
so it is generally restricted to well-aerated lotic or shallow lentic habitats (McMahon, 
1999). It can thrive in both oligotrophic and eutrophic systems, and can tolerate mildly 
acidic waters. Kat (1982) observed that C. fluminea shell dissolution of the umbonal
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region was a major cause of mortality in a Florida creek with pH 5.6. As for depth 
preferences, C. fluminea in tidal freshwater of the Potomac River was most common at 
depths of 1.5m -  6.0m, but some live clams were found at depths of 15m (Dresler and 
Cory, 1980).
C. fluminea evolved in semitropical Southeast Asia and is sensitive to extreme 
temperatures, with an upper limit of > 36°C and lower limit of < 2°C (McMahon, 1999). 
During winter, this can lead to massive C. fluminea population die-offs in the northern 
limits of its distribution (McMahon, 1999). Muller and Baur (2011) found that C. 
fluminea in European waters had a greater cold tolerance than that reported by McMahon 
(1999), with clam survival decreasing to 47.5% and 17.5% during a 9-week exposure to 
2°C and 0°C water, respectively. These findings suggest that C. fluminea may be able to 
expand its range further north. Heatwaves during summer can also trigger large mortality 
events, which are likely associated with synergistic effects of reduced river flow and low 
dissolved oxygen (Ilarri et al., 2011).
In regards to substrate, C. fluminea is eurytopic and has been found to inhabit bare 
rock, gravel, sand, mud, and fine silt, but has been observed as most successful in sandy 
habitats (McMahon, 1999; Neck, 1986; Schmidlin and Baur, 2007; Sousa et al. 2008). It 
also has a very high turbidity tolerance. These qualities have allowed C. fluminea to 
invade a variety of habitat types. Distribution of C. fluminea may be positively 
influenced by other abiotic factors, including sediment organic matter content, water 
column redox potential, and water hardness (Sousa et al., 2008).
Given their widespread distribution, rapid growth, and ability to filter and deposit 
feed, C. fluminea are useful for biological monitoring of water and sediment quality. C.
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fluminea can concentrate heavy metals and trace elements from the water to levels orders 
of magnitude higher than levels in the water, and exhibit a high tolerance to the effects of 
exposure to toxic substances (Doherty, 1990). While C. fluminea does not accumulate 
metals and trace elements from sediments to an appreciable level, it is successful at 
accumulating toxins and pesticides from sediments, including PCBs and DDT. C. 
fluminea is widely used in ecotoxicological studies and may serve to aid bioremediation 
of polluted systems (Doherty, 1990).
Although C. fluminea is less tolerant of environmental stress than native unionid 
and sphaeriid bivalves, its life history adaptations, as described above, allow for rapid 
recovery after catastrophic population loss (McMahon, 1999). Based on high fecundity, 
rapid maturation, simultaneous hermaphroditism, and broad habitat preferences (in 
regards to substrate and salinity), C. fluminea is an ideal invader for periodically 
disturbed, temporally unstable habitats like tidal freshwater systems.
OBJECTIVES & HYPOTHESES
The introduction and distribution of C. fluminea in the York River estuary and its 
sub-tributaries, the Mattaponi and Pamunkey Rivers, is largely undocumented. This 
chapter of my thesis utilizes a two-year field survey to document the spatial extent of the 
C. fluminea invasion and potential abiotic factors driving the distribution within the tidal 
freshwater sections of the Mattaponi and Pamunkey Rivers. Benthic community surveys 
conducted in June 2011 and June 2012 allow for comparison of C. fluminea distribution 
in these two systems and provide information on interannual variability. The collections 
also provide the foundation for a long-term data set to monitor population dynamics of
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this invasive species. Since previous documentation of C. fluminea in these rivers has 
been limited to a few sites (Dauer and Rodi, 2004; Wickel, 2011), the large scale of this 
study is intended better elucidate the spatial extent of the C. fluminea invasion.
The following hypotheses were addressed for Chapter 1:
Hypothesis 1— C. fluminea abundance will be negatively correlated with salinity 
(McMahon, 1999) and positively correlated to percentage of sand (Sousa et 
al., 2008).
Hypothesis 2— C. fluminea size class distributions will be similar wherever C.
fluminea is present, since adults brood larvae to enhance retention in favorable 
habitat (McMahon, 1999).
METHODOLOGY 
Study Area
York River is a microtidal, partially-mixed estuary and is the fifth largest tributary 
in Chesapeake Bay, with a watershed size of 8,470km (Reay, 2009; Dauer et al., 2005). 
Although the York River watershed has the second highest total area of developed land 
and second highest overall population density of the three major Virginia tributaries to 
Chesapeake Bay, it is predominantly rural with 61% forested lands and 21% agricultural 
lands (Dauer et al., 2005). It also has the highest percentage of open water and wetlands, 
and highest percentage of shoreline with riparian buffer of the major Virginia tributaries. 
York River is formed at West Point, Virginia, by the confluence of two sub-tributaries, 
Mattaponi River and Pamunkey River (Figure 2).
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The Mattaponi and Pamunkey River watersheds compose approximately 45%
(3,820 km2) and 28% (2,360 km2) of the York River watershed, respectively (Dauer et 
al., 2005). Pamunkey River is larger and more sinuous than Mattaponi River, with long-
3 1 3 1term daily mean streamflow rates for the two systems of 30.7 m sec' and 16.3 m sec' , 
respectively (Reay, 2009). The tidal portions of the Mattaponi and Pamunkey Rivers 
extend 66 km and 90 km upstream from West Point with average tidal ranges of 1.2 m 
and 1.0 m, respectively (Friedrichs 2009). The range for the Mattaponi River is the 
highest average tidal range reported for the entire Chesapeake Bay and its tributaries 
(Williams, 1992).
Site Selection
Each river was divided into four segments to span the range from the approximate 
transition of oligohaline to tidal freshwater and continue upstream towards the transition 
into non-tidal freshwater. Mattaponi River sections included approximately 38 km of 
river (beginning 22 km upstream from West Point) and Pamunkey River sections 
included approximately 51 km (beginning 30 km upstream from West Point). Using Esri 
ArcMap (vlO.l), a program based on geographical information systems (GIS), 10 sites 
were randomly assigned within each of the 4 sections for each river, with a total of 80 
sites for the two sub-tributaries combined. The rivers were initially divided into four 
segments of equivalent length to promote a more even spatial coverage of the rivers when 
generating random points, rather than risk clustering and loss of spatial resolution. While 
it was important that sample sites were randomly generated, some consideration of t h g ^ ^ ^
following criteria also influenced exact position: spatial distribution, heterogeneity of \
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stream conditions, and navigability. The same site coordinates were used during both 
years of the survey to allow for better comparison of interannual variability in the C. 
fluminea population.
Field Methods
The field surveys were conducted from a small privateer between June 15 -  June 
29, 2011 and June 15 -  June 21, 2012. At each site, bottom depth was determined by on­
board depth sounder and a YSI 650 MDS multiparameter water quality sonde was 
deployed just above the bottom sediments to measure salinity, temperature, pH, dissolved 
oxygen, chlorophyll-a, turbidity, and conductivity. Weather, shoreline conditions, and 
exact coordinates were also recorded. A petite Ponar benthic grab (2.4 L volume, 
0.023m2) was deployed by hand to collect all samples. Once onboard, a small subsample 
(~50g) was taken from the Ponar with a plastic core tube (2.54cm x 10.16cm) for 
sediment analysis and placed in a Whirlpak bag on ice. The remaining contents of the 
Ponar were rinsed through a 500pm sieve to capture macrofauna. Material retained on 
the sieve was placed into cloth bags and stored on ice. Upon returning to the lab, the 
faunal samples were fixed in buffered 10% formalin and Rose Bengal dye for at least 48 
hours. The samples were then rinsed on a 500 pm sieve to remove the fixative and stored 
in 70% ethanol. Sediment samples were stored in a -29°C freezer to minimize 
degradation of organic matter until the samples were processed.
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Laboratory Methods
Macrobenthic samples were sorted to remove all infauna, however only C. 
fluminea are included in this study. Shell length (anterior to posterior) and width (dorsal 
to ventral) of the C. fluminea were measured using digital calipers (Grizzly H8186 Left- 
Handed) or microscope camera (Southern Microscope DR-5) attached to a Nikon 
SMZ1000 dissecting microscope. Clams were classified as juveniles (0.5mm -  5.99mm) 
and adults (> 6mm).
Sediment samples were processed for grain size using wet sieving and pipette 
analysis (Plumb, 1981). Before processing, larger shells and large woody debris were 
manually removed from samples so as not to interfere with grain size analysis. Grain size 
fractions were calculated as percent weight of: gravel (>2mm), sand (63um -  2mm), and 
mud (combined silt and clay fractions, <63um). Sediment organic content was 
determined using a drying oven and combustion in a muffle furnace (2 hours at 550°C) to 
measure loss on ignition.
Data Analysis Methods
The distance of each site from West Point was used as a parameter to capture 
gradients in clam distribution associated with complex changes in tidal freshwater habitat 
from the estuarine end towards the headwaters and to make the two rivers more 
comparable, as both start from West Point at distance = 0km. Distance from West Point 
(km) was estimated by measuring the distance upriver following the main channel— 
distance along main channel was recorded where the site location was perpendicular to 
the channel.
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Exploratory data analysis suggested that the C. fluminea abundance data should 
be fit to a generalized linear model (GLM) rather than transforming the data to meet the 
assumption of normal distribution required for linear models (LM). The abundance data 
were highly skewed due to the high frequency of low clam abundance in the survey. 
Traditional transformations, including square root, BoxCox, and natural log, were applied 
to assess normality through homogeneity of residual variance (homoscedascity) via 
Residuals vs. Fitted plots and visual interpretation of Quantile-Quantile (QQ) plots and 
histograms (Logan, 2010). These transformations did not greatly improve the normality 
of the data. O’Hara and Kotze (2010) discourage use of transformations on ecological 
count data, especially since a single “zero” observation requires the addition of a small 
value to the entire data set for certain transformations (e.g. loge). Instead, GLMs were 
applied to the untransformed abundance data.
GLMs use a link function (based on a non-normal distribution), which links the 
expected values of the response variable to the linear combination of predictor variables 
(Logan, 2010). For count data of biological populations, GLMs with negative binominal 
distributions (NBD) are encouraged instead of transformation (White and Bennetts, 1996; 
O’Hara and Kotze, 2010). NBD is similar to a Poisson distribution, which assumes 
spatial independence, but this assumption is relaxed with NBD. This allows for 
overdispersion (i.e. clumping) of the data when variance (x) > m, where m is the 
arithmetic mean (expected value of x), and is very applicable as real ecological count 
data are frequently overdispersed (O’Hara and Kotze, 2010). Given the high frequency of 
low C. fluminea abundance in the survey, NBD was an ideal distribution to use for GLM.
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While GLMs do not assume linearity between the response and predictor 
variables, the relationship between each of the predictors and the link function is assumed 
to be linear (Logan, 2010). Overdispersion was assessed by calculating Pearson’s 
residual deviance (Logan, 2010) and goodness-of-fit was assessed with Pearson’s % 
statistic (White and Bennetts, 1996). These tests verified that the C. fluminea abundance 
was overdispersed in both rivers, and that NBD was a better fit for the data than a Poisson 
distribution.
Another assumption of GLMs is that all observations should be independent 
(Logan, 2010). Colinearity matrices and visual assessment of scatter plot matrices 
(“SPLOM”) were examined to assess colinearity among all environmental predictor 
variables (distance from West Point, salinity, temperature, depth, pH, dissolved oxygen, 
chlorophyll-a, turbidity, conductivity, % sand, % gravel, % mud, % organic content). The 
following parameters were removed due to high correlation with distance: salinity, 
conductivity; and high correlation with % sand: % gravel, % mud, and % organic matter. 
Although not highly collinear, I decided not to include temperature, pH, dissolved 
oxygen, or chlorophyll-a in the analysis as these parameters either had a narrow range 
(within the limits of C. fluminea tolerance) and/or followed a downstream gradient. 
Turbidity was not included in the analysis due to unreliable data, as the deployment of the 
YSI and Ponar would sometimes disturb bottom sediments, resulting in turbidity 
measurements higher than ambient conditions.
A candidate set of generalized linear models (NBD) were developed for C. 
fluminea abundance (i.e. response variable) and the predictor variables of Distance from 
West Point, % Sand, Depth (m), and Year (Table 1). Distance represents the changes in
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water chemistry, tidal variation along the downstream gradient and general habitat 
conditions such as river width; % Sand represents areas potentially more suitable for C. 
fluminea\ Depth represents the associated variations in flow, water chemistry, planktonic 
food availability and tidal disturbance; and Year represents climatic conditions and 
associated climate-dependent ecological changes (e.g. in response to seasonal changes in 
stream discharge and temperature) over the year prior to the sampling event.
Data were analyzed using Akaike’s Information Criterion (AIC), an information 
theoretic approach that measures the explanatory power of statistical model that accounts 
for the number of parameters (K) in the model (Gotelli and Ellison, 2004; Anderson, 
2008). This approach uses models to represent the amount of information lost when a 
model approximates full reality (Anderson, 2008). Independent AIC analyses were 
conducted for each river using the same set of candidate models (Table 1) to seek the best 
model to explain the distribution patterns of C. fluminea in relation to environmental 
factors over time. More information on AIC can be found in Anderson (2008).
The traditional coefficient of determination, # 2, is the variance explained by a 
linear model (LM) and can provide an absolute goodness-of-fit for a model, which is not 
provided by AIC analysis. This calculation of R2 is intended for assumed normal 
distributions and LMs. For non-normal distributions used with GLMs, a “pseudo-# ” 
can be calculated to attain a similar (but not directly comparable) value of variance 
explained. For this analysis, pseudo-#2 (Eq. 1) was calculated as the ratio between the 
residual variance of the model of interest (o 2i) and the residual variance of the null 
intercept-only model (o 2o) (Nakagawa and Schielzeth, 2013):
Equation 1: Pseudo # 2 = 1 -  (o 2i /  a 2o)
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Analyses and figures were accomplished using R statistical and graphing software 
(version R version 3.0.1) with several packages (car, ggplot2, lattice, MASS, MuMIn) on 
the R-studio platform (version 0.97.551).
Spatial Analysis
Spatial patterns of C. fluminea distribution were analyzed in Esri ArcMap (vlO.l) 
through interpolation methods. Density was scaled up to m' for this analysis, as 
interpolation predicts clam abundance over a broad spatial area (i.e. the entire river 
system) based on the abundance values provided for the individual sites. Interpolation is 
based on spatial autocorrelation, which measures the degree of similarity between near 
and distant objects (Childs, 2004). Given the close proximity of survey sites and narrow, 
sinuous area of the rivers, Kriging was selected over Inverse Distance Weighting both 
common interpolation methods. Kriging assumes that the direction between sample 
points reflects a spatial correlation and is best suited when a directional bias is known for 
the data (Childs, 2004). Therefore, this method is most appropriate for interpolating C. 
fluminea abundance along the downstream gradient. Kriging was conducted 
simultaneously for both rivers, with a fixed search radius of 0.03 decimal degrees to 
prevent interpolation of points between the rivers.
Interannual Weather Conditions
In order to assess seasonal weather conditions (e.g. wet versus dry) for the year 
preceding each sampling event, stream discharge data (m se c ') was accessed through 
United States Geological Survey (USGS) Water Resources
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(http://waterdata.usgs.gov/nwis). Discharge data for Mattaponi River was from USGS 
Station 01674000 near Bowling Green, Virginia; discharge data for Pamunkey River was 
from USGS Station 01673000 near Hanover, Virginia. Water temperature (°C) was 
accessed through the Virginia Estuarine Coastal Observing System (VECOS) 
(http://www3.vims.edu/vecos/) for Mattaponi River at Long Term Monitoring Station 
TF4.4 (Walkerton, Virginia; N37.7228 W-77.02566); water temperature (°C) and 
dissolved oxygen (% saturation) for Pamunkey River were accessed from Continuous 
Monitoring Station PMK034.00 (White House Landing, Virginia; N37.57999 W- 
77.02128).
RESULTS
Corbicula fluminea Abundance & Population Structure
Mattaponi River Population
C. fluminea were present at the majority of sites surveyed during both years. For 
the Mattaponi River, only 5 sites were observed without C. fluminea in 2011 and only 4 
sites in 2012. This represents 6 total sites without C. fluminea, since the clams were 
consistently absent from 3 sites during both years; 5 of the 6 sites were located within 
the furthest downstream section. During 2011, a total of 610 C. fluminea were collected 
across all sites, with a mean (± SE) of 15.25 (± 2.92) per Ponar grab (0.023m'2) (Table 2). 
The population was dominated by juveniles (93.77%); the maximum adult size was 
21.8mm SL. During 2012, a total of 379 C. fluminea were collected across all sites, with 
a mean (± SE) of 9.48 (± 1.49) per Ponar grab (0.023m'2) (Table 2). The population was 
dominated by juveniles (63.59%) (Figure 2); the maximum adult size was 28.1mm SL.
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Pamunkey River Population
Clams were present at the majority of sites surveyed during both years. For the 
Pamunkey River, only 2 sites were observed without C. fluminea in 2011 and only 4 sites 
in 2012. This represents 5 total sites without C. fluminea, since the clams were 
consistently absent from 1 site during both years. All 5 sites were located within the 
furthest downstream section. During 2011, a total of 1,341 C. fluminea were collected 
across all sites, with a mean (± SE) of 33.52 (± 6.95) per Ponar grab (0.023m'2) (Table 3). 
The population was dominated by juveniles (97.17%); the maximum adult size was 
21.8mm SL. During 2012, a total of 771 C. fluminea were collected across all sites, with 
a mean (± SE) of 19.27 (± 2.94) per Ponar grab (0.023m'2) (Table 3). The population 
was dominated by juveniles (93.90%) (Fig. 2); the maximum adult size was 21.8mm SL.
Water Quality & Sediments
During the sample periods, water chemistry parameters in both rivers were within 
tolerance range for C. fluminea, including temperature, salinity, pH, and dissolved 
oxygen (Table 2, Table 3). The highest temperature observed during the survey, 29.2°C, 
was recorded in the Mattaponi River during 2011. Sites in the Mattaponi River 
encompassed the transition from tidal freshwater to oligohaline conditions, ranging from 
0.03 -  0.53 psu in 2011 and 0.03 -  0.52 psu in 2012; sites in the Pamunkey River were 
within the tidal freshwater zone, ranging from 0.06 -  0.25 psu in 2011 and 0.06 -  0.09 in 
2012. The pH in both rivers was neutral to mildly acidic, with the lowest pH 6.31 
recording in the Mattaponi 2012 (Table 2). Dissolved oxygen (% saturation) was lowest
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in the Mattaponi during 2011 (51.20%), and highest in the Pamunkey 2012 (112.30%) 
(Table 2, Table 3).
Sediments at survey sites were predominately sand mixed with mud, with >70% 
mean sand content in both rivers (Table 2, Table 3). Although sites with high gravel 
content were rare, Pamunkey had sites with >97% gravel content while Mattaponi had a 
maximum 65.95% gravel content. Shallow marsh sites with >50% mud content were 
frequently observed in both rivers, with the highest value (mud = 95%) recorded for 
Mattaponi 2012. Mean organic matter content, which was highly collinear with mud 
content, was similar in both rivers for both years (Table 2, Table 3).
AIC Model Results: Mattaponi River
The highest-ranking models, in order of decreasing Akaike weight (wj) were g2  
(Abundance ~ Year + Dist + Sed), gi (Abundance ~ Year + Dist + Sed + Depth), g4  
(Abundance ~ Dist + Sed), and g3 (Abundance ~ Dist + Sed + Depth) (Table 4). Only 
models with Wi > 0.1 were considered. These models shared similar pseudo-R values, 
indicating that the parameters of Distance and Sediment (which are present in all four top 
ranking models) are the most influential of the model parameters. Parameter estimates 
for Distance and Sediment in the top four models were similar and significant (a = 0.05), 
and showed a positive relationship with C. fluminea abundance; parameter estimates for 
Depth showed a positive relationship with C. fluminea abundance but were not 
significant; parameter estimates for Year showed a negative relationship with C. fluminea 
abundance in 2012, but was only significant in gi (Table 5).
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In order to visualize how the models fit the raw abundance data, the top two 
ranking models, g2 (Abundance ~ Year + Dist + Sed) and gi (Abundance ~ Year + Dist + 
Sed + Depth) were plotted as curves by using the means for all variables included in the 
model except Distance (Figure 3), Sediment (Figure 4), and Year. This illustrates that 
although C. fluminea abundance has a positive relationship with distance and % sand, 
there is high variability in the distribution and there may be a threshold associated with 
sediment composition. For the Mattaponi, only stations with ^80%  sand had C. fluminea 
abundances exceeding 20 individuals per grab. Figures 3 and 4 also show the overall 
lower C. fluminea population in 2012 compared with 2011.
AIC Model Results: Pamunkey River
The highest-ranked models, in order of decreasing Akaike weight (wj) were gi 
(Abundance ~ Year + Dist + Sed + Depth) and g3 (Abundance ~ Dist + Sed + Depth) 
(Table 4). Only models with Wi > 0.1 were considered. These top two models had similar 
pseudo-R2 values compared to the next two highest-ranking models, g2 (Abundance ~ 
Year + Dist + Sed) and g4 (Abundance ~ Dist + Sed) (Table 4). These latter models had 
Wi < 0.1, but were included in the parameter estimates (Table 5) due to their comparable 
pseudo-R2 values. Parameter estimates for Distance and Sediment in the top four models 
were similar and significant (a = 0.05), and showed a positive relationship with C. 
fluminea abundance; parameter estimates for Depth (top models gi and g3) had a 
significant positive relationship with C. fluminea abundance; parameter estimates for 
Year showed a negative relationship with C. fluminea abundance in 2012 but were not 
significant (Table 5).
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In order to visualize how the models fit the raw abundance data, predicted clam 
abundance for the top two ranked models, gi (Abundance ~ Year + Dist + Sed + Depth) 
and g3 (Abundance ~ Dist + Sed + Depth) was plotted by using the means for all 
predictor variables included in the model except Distance (Figure 5), Sediment (Figure 
6), and Year. Separate curves were plotted for each year in gi, but only a single curve 
plotted for g3 since Year was not included as a variable in this model (Figures 5, 6). This 
illustrates that although C. fluminea abundance has a positive relationship with distance 
and % sand, there is high variability in the distribution and there may be a threshold 
associated with sediment composition. For the Pamunkey, most stations with >_80% 
sand had C. fluminea abundances exceeding 20 individuals per grab. Figures 5 and 6 also 
show the overall lower C. fluminea population in 2012 compared with 2011.
Clam abundance predicted by the top ranked models for Mattaponi (g2 ) and 
Pamunkey (gi) were also plotted relative to the combined C. fluminea abundance for both 
rivers, separated by year (Figures 7, 8). These models predict similar trends, however 
this is more evident for C. fluminea abundance in 2012. During 2011, the most striking 
deviation from the model fit is the high abundance of clams in the Mattaponi River 
between 40km-50km.
Spatial Distribution
Kriging interpolation of C. fluminea population density in the Mattaponi River 
identifies the highest densities in the middle section of the river between 40km -50km 
from West Point in 2011 (Figure 9) and shows a general decline in clam abundance 
downriver in 2012 (Figure 10). Interpolation in the Pamunkey River showed a general
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decline downriver in 2011 (Figure 11) and a similar trend in 2012, but with an increase in 
the middle section of the river (Figure 12).
Interannual Weather Conditions
The year preceding the 2011 sampling period (July 2010 -  June 2011) was a dry 
year with a cold, prolonged winter with temperatures < 2°C (Table 6, Table 7). In 
contrast, the year preceding the 2012 sampling period (July 2011 -  June 2012) was a wet
3 1year with a warm winter (Table 6, Table 7). Annual mean stream discharge (ft sec' ) 
during the second year was nearly twice as high, especially during fall and winter (Table 
6, Table 7).
Population Size Comparison to Other Invaded Systems
The mean and maximum C. fluminea densities (m'2) in Mattaponi and Pamunkey 
Rivers were compared to other invaded systems (Table 8). These population densities are 
similar to that of other Chesapeake Bay tributaries (Diaz, 1974; Dresler and Cory, 1980) 
but low compared to tidal freshwater systems in Europe and South America (Sousa et al., 
2005; Franco et al., 2012; Boltovskoy et al., 1995). This suggests that the C. fluminea 
population in Mattaponi and Pamunkey Rivers could be considered a low to moderate 
invasion.
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DISCUSSION 
Corbicula fluminea Distribution & Population Structure
C. fluminea was present at the majority of sites in both Mattaponi and Pamunkey 
Rivers during both years, and the populations were dominated by juvenile clams (0.5mm 
-  5.99mm SL). Although few adult clams were collected in comparison, this is likely 
attributed to the patchy distribution of C. fluminea in tidal freshwater systems (Dresler 
and Cory, 1980). Due to this patchy distribution, samples that contained juvenile clams 
but no adults indicate the presence of nearby adults that were not effectively sampled by 
the small area of the Ponar grab (0.023m2). Since adult C. fluminea brood larvae as a 
strategy to enhance retention in nearby favorable habitat and juvenile clams were 
ubiquitous (and the dominant size class) within these rivers, there is some evidence to 
support Hypothesis 2. If juveniles had been more common downriver but adults were 
ubiquitous, it would suggest downstream transport of juveniles similar to planktonic 
dispersal patterns of estuarine bivalves.
The total number of clams collected was lower in June 2012 for both rivers 
(Figure 2), indicating that the C. fluminea population is reproducing each year but not 
necessarily accumulating within these systems. While it is difficult to infer population 
dynamics from only two years of data, the decline from June 2011 to June 2012 is likely 
a normal fluctuation in population density attributed to high juvenile and adult mortality 
(McMahon, 1999). Newly invaded systems often exhibit an initial population explosion 
of C. fluminea, but decline to lower population levels after the first few years (Phelps, 
1994). The York River sub-tributaries were not invaded recently, as the earliest 
documentation of C. fluminea in Pamunkey River from the Virginia Long-Term
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Chesapeake Bay Benthic Monitoring Program dataset (http://data.chesapeakebay.net/) 
was 1988 at Station TF4.2 (37.57999°, -77.02128°), however this dataset only dates back 
to 1985. C. fluminea may have invaded these rivers as early as the 1970s, when it was 
first observed in other Chesapeake Bay tributaries (Diaz, 1974; Dresler and Cory, 1980). 
Unfortunately, there is no historical data that documents when C. fluminea first colonized 
the Mattaponi and Pamunkey Rivers.
The survey was repeated in June 2013 to gain more insight to interannual 
variation of the C. fluminea population, however these samples have not been processed. 
Given that this survey collected C. fluminea during the summer recruitment period only, 
future research could utilize seasonal or monthly sampling to track cohorts and assess C. 
fluminea growth patterns within these rivers (Hombach, 1992).
Habitat Utilization
AIC model analysis supported Hypothesis 1, as parameter estimates for distance 
and % sand were positive and significant (a = 0.05) in the top ranked models for C. 
fluminea abundance in both rivers (Table 5). Depth had a positive and significant 
parameter estimate only in the Pamunkey River (Table 5), which is larger and has a 
greater depth range than the Mattaponi. Although C. fluminea abundance generally 
increased with distance upriver and higher sand content, clams utilized all habitats in 
these systems, including sand, mud associated with marshes, and the main channel. C. 
fluminea were found in habitats ranging from 95 % mud to 66 % gravel and depths up to 
12.8 m in the Mattaponi (Table 2), and from 90 % mud to 100 % gravel and depths up to 
12.5 m in the Pamunkey (Table 3). This range in habitat utilization is evident when
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plotting the best models relative to the clam abundance data (Figures 3-6). For this study, 
it was observed that when moving from tidal freshwater-estuarine transition regions of 
both rivers into more stable, tidal freshwater habitats upriver, most of the sampled sites 
had sandy sediments. As a result, the effects sediment type and distance on clam 
distribution become confounded.
Spatial interpolation generally supported the positive relationship between C. 
fluminea density and distance from West Point, with the exception of Mattaponi River 
during 2011, where the highest density was in the mid-section near Walkerton, Virginia 
(Figure 9), which is also the location of the most accessible boat ramp on the Mattaponi. 
Although fisherman can spread C. fluminea to new systems, collecting them for bait or as 
a curiosity, Neck (1986) found that the presence of boat ramps in Texas parks was not 
related to the presence or absence of C. fluminea. This region of the Mattaponi is wider 
than further upstream, with marsh islands forming in the middle of the river and diverting 
the flow into two channels. High clam density in this region could simply be a function 
of available habitat, or perhaps a local reduction in current.
Water Quality & Interannual Conditions
Water quality during the survey periods in both systems was suitable for C. 
fluminea in regards to temperature, salinity, dissolved oxygen, and pH (Table 2, Table 3), 
although these observations do not reflect seasonal fluctuations of these parameters. The 
winter preceding the 2011 sampling was particularly cold (<2°C), but this was more 
likely to cause a decrease in clam survival rather than a massive mortality event (Muller 
and Baur, 2011).
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Even though C. fluminea was lower in abundance and sometimes absent from 
sites closest to West Point, the narrow salinity range was still within their tolerance 
limits. Sousa et a l (2006) found that salinity variability in River Lima estuary, ranging 
from 0.4 -  12.1 psu, was a major factor in limiting C. fluminea population success.
Future studies on the Mattaponi and Pamunkey Rivers should include sites further down 
river to gain more insight info the influence of salinity on C. fluminea distribution.
Role o f  Corbicula fluminea in the Tidal Freshwater Ecosystem
During the course of this research, I was often asked, “Is Corbicula fluminea good 
or bad?” This paradigm of “native species are good, alien species are bad” pervades the 
public view on invaders, but this skew towards negative impacts does not convey the 
complexity of invasion ecology (Goodenough, 2010). There is limited research on 
facilitative alien-native interactions and combination impacts, which benefit some native 
fauna while hindering others. These frequently occurring positive impacts include 
provision of food sources and ecosystem engineering benefits for native species, while 
negative impacts can include competition for shared resources or vectoring of parasites 
and disease (Goodenough, 2010). Consideration of these facilitative interactions have 
important implications for ecological management, as the view that all alien species pose 
a risk to native fauna may cause researchers to overlook the potential positive impacts of 
invasions.
When an invader exploits an unoccupied or underutilized niche, it can co-exist 
with native species since there is no direct competition for resources (Goodenough,
2010). It is possible that C. fluminea is co-existing with native fauna in the Mattaponi
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and Pamunkey Rivers, given the widespread but low-density distribution, however there 
is no data on the native benthic community in these systems before the invasion. Diaz 
(1989) observed that the invasion of C. fluminea in the tidal freshwater James River did 
not displace any native species, likely due to the availability of underutilized benthic 
resources (e.g. food, space).
Given its widespread distribution through both rivers, the C. fluminea population 
could be providing beneficial ecosystem services including increased water clarity 
(Phelps, 1994), prey resources (Robinson and Wellborn, 1988), and bioaccumulation of 
organic pollutants and metals (Doherty, 1990). Roberts et al. (2004) conducted an 
extensive study of sediment chemistry and toxicology in the tidal freshwater Mattaponi 
and Pamunkey Rivers, using the sediment quality guideline “effects Range -  Low”
(eRL), where adverse effects on organisms are rarely observed at concentrations below 
eRL value. Exceedances of eRL were relatively infrequent, but did include arsenic, 
chromium, zinc, manganese, and mercury. Various organic contaminants, PAHs, PCBs, 
and organochlorine pesticides were present but all below concentrations likely to produce 
adverse impacts (Roberts et al., 2004). As an established part of the ecosystem, C. 
fluminea could help to reduce levels of contaminants in Mattaponi and Pamunkey Rivers 
but enhance the potential for transfer of these pollutants to higher trophic levels through 
bioaccumulation (Garcia and Protogino, 2005).
Predation on Corbicula fluminea
In addition to physical disturbance of tidal freshwater systems, C. fluminea 
population size may also be moderated by predation. Although many non-indigenous
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species are successful invaders because they do not have existing predators in the invaded 
community, a variety of predators including fish, waterfowl, crustaceans and mammals 
are known to feed on C. fluminea. Fish known to consume C. fluminea include carp, 
bluegill, striped bass, channel catfish, blue catfish, American shad, striped bass and 
sturgeon. In a Texas freshwater reservoir, fish predation resulted in a 29-fold reduction 
in C. fluminea abundance (Robinson and Wellborn, 1988). Fish generally consume C. 
fluminea < 5 mm SL (Britton and Murphy, 1977).
Blue catfish, Ictalurus furcatus, is a non-indigenous species that was intentionally 
stocked in Virginia Chesapeake Bay tributaries beginning in 1974 to develop a 
commercial and recreational fishery—this included the York, Mattaponi, and Pamunkey 
Rivers in 1985 (Schloesser et al., 2011). This species soon became invasive and 
expanded into adjacent river systems and into oligohaline and mesohaline environments. 
Blue catfish is a popular trophy fishery, as individuals can exceed 165 cm in length and 
45 kg, and can live up to 20 years (Graham et ah, 1999). The ecological role of blue 
catfish within the Chesapeake Bay is not well understood (Schloesser et ah, 2011), nor 
have there been specific studies on diet selectivity within these tributaries.
Blue catfish in Chesapeake Bay tributaries have broad, highly omnivorous diets 
largely composed of small fishes, amphipods and other crustaceans, and mollusks 
(Schloesser et ah, 2011). Although the latter study did not look specifically for C. 
fluminea, personal communication with recreational fisherman during my survey 
revealed that blue catfish caught in the Mattaponi River had stomachs and intestines full 
of C. fluminea. Blue catfish have been reported to eat C. fluminea in its native range 
within the Mississippi River (Eggleton and Schramm, 2004) as well as in many
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introduced systems (Waters et al. 2004; Gatlin et al., 2013). In southern California, blue 
catfish were introduced to feed on C. fluminea and convert the nuisance clams into fish 
flesh for recreational anglers (Richardson, 1970). Eggleton and Schramm (2004) found 
that blue catfish exhibited little prey selectivity and consumed foods that were readily 
available in their habitat, including prevalent consumption on highly abundant invasive 
zebra mussels, Dreissena polymorpha, despite their relatively low caloric value.
Furthermore, Gatlin et al. (2013) found that C. fluminea and D. polymorpha could 
survive gut passage through blue catfish, since these fish lack pharyngeal tooth structures 
to crush the shells. This survival was temperature dependent, as no bivalves survived gut 
passage in waters above 21.1°C, but 39% C. fluminea and 12% D. polymorpha survived 
passage in cooler waters. All C. fluminea that survived were adults (<6mm SL), but 
survival and reproduction of these clams in the natural environment after gut passage is 
unknown. These studies suggest that it is plausible for blue catfish in Mattaponi and 
Pamunkey Rivers to feed heavily upon C. fluminea, given clam abundance within both 
rivers—Wickel (2011) found that C. fluminea constituted > 90% of the benthic biomass 
(dry weight) in the Mattaponi River in samples collected at a few locations during 
summer 2009 -  2010. Survival through blue catfish gut passage could also increase the 
spread of C. fluminea in these systems (Gatlin et al., 2013).
C. fluminea consumption by ducks has also been reported (Thompson and Sparks, 
1977; Posey et al, 1993), including consumption by five duck species from James River, 
Virginia, and it is likely that other waterfowl in Chesapeake Bay also feed on C. fluminea 
(Perry and Uhler, 1981). Studies of predation by crustaceans are sparse, however Covich 
et al. (1981) report the crayfish, Procambarus clarkii, consume clams < 6 mm. River
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otters (Posey et al., 1993) and Northern raccoons (Taylor and Counts, 1977) are known to 
consume C. fluminea, indicating that other mammals may be predators as well.
Management o f  Corbicula fluminea Invasion
Most management strategies for C. fluminea are associated with biofouling of 
water intake pipes rather than control of lentic and lotic populations. Wittmann et al. 
(2012) found that using gas impermeable benthic barriers made from sheets of ethylene 
propylene diene monomer (EPDM) rubber to create anoxic conditions was highly 
successful, reducing C. fluminea density in Lake Tahoe by 98% after barrier removal and 
remaining reduced (>90%) one year later. Although this method was successful at 
removing C. fluminea, the prolonged anoxic conditions also resulted in the mortality of 
the non-target benthic organisms, with variable taxon specific recovery rates (Wittmann 
et al., 2012). It may also be difficult to utilize this method in lotic systems, as currents 
and tides in the Mattaponi and Pamunkey Rivers could interfere with the barriers.
Another management strategy is adding an additional trophic level—human 
beings. The practice of eating invasive species, or “invasivory,” is controversial but 
growing in popularity for species such as Asian carp, Hypophthalmichthys spp., and 
lionfish, Pterois volitans (Weis, 2011). Established invasive species are nearly 
impossible to eliminate from a system, but direct harvest for human consumption can 
reduce their numbers while lessening the ecological impact and providing a source of 
nutrition—this is particularly useful in developing countries where food resources are 
scarce (Weis, 2011). Since C. fluminea has natural predators in the Mattaponi and 
Pamunkey Rivers, promoting human consumption of these small, but edible, clams would
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not be very useful for reducing their population. Furthermore, human consumption of C. 
fluminea from Mattaponi and Pamunkey Rivers may be harmful, as lower portions of 
these rivers in the vicinity of West Point have been listed as condemned shellfish grounds 
by Virginia Department of Health due to meeting fecal coliform pathogen indictors 
(Reay, 2009). There are also fish consumption advisories in Mattaponi and Pamunkey 
Rivers due to presence of mercury in fish tissue. It could be a way to raise awareness 
about the invasion, however, considering that Chinese immigrants brought the initial C. 
fluminea to North America as a food source (McMahon, 1982).
CONCLUSION
Corbicula fluminea is a successful invader in the Mattaponi and Pamunkey 
Rivers, and is able to utilize all habitat types throughout the tidal freshwater gradient.
This study supports previous findings that tidal freshwater ecosystems are suitable 
habitats for C. fluminea introduction and establishment, which has been documented in 
several other studies (Phelps, 1994; Diaz, 1974; Sousa et al. 2008; Cataldo and 
Boltovskoy, 1999). Juvenile clams dominated the populations in the Mattaponi and 
Pamunkey Rivers during the summer, however overall lower population size during 2012 
compared with 2011 suggests that C. fluminea are actively reproducing but experience 
high juvenile and adult mortality. Although this study was not designed to directly assess 
causes of interannual population changes (e.g. predation, storm disturbance, harsh 
winters), the C. fluminea invasion in the York River system is low to moderate compared 
to other invaded systems, which indicates that some factor or factors, whether physical or
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biological, may prevent the C. fluminea population from achieving high densities in some 
tidal freshwater regions.
The results of this study also indicate that although C. fluminea can utilize all 
substrate types in the tidal freshwater reaches of the York River system, they are most 
successful in sandy habitats upriver. Although the salinity range was too low to be a 
controlling factor in this distribution, future studies in the York River system should 
consider other factors (e.g. current velocity, redox potential, nitrates, ammonia) and more 
grain size fractions (e.g. very coarse sand, coarse sand, fine sand, very fine sand) to better 
elucidate the relationship between C. fluminea distribution and habitat (Sousa et al., 
2008).
Although the initial year of introduction is unknown, C. fluminea has become an 
established component of the Mattaponi and Pamunkey River benthic communities. 
Eradication from these systems is highly improbable, but C. fluminea population could be 
providing beneficial ecosystem services including increased water clarity (Phelps, 1994), 
prey resources (Robinson and Wellborn, 1988), and bioaccumulation of organic 
pollutants and metals (Doherty, 1990). Diaz and Boesch (1977) suggest that C. fluminea 
invasions in tidal freshwater rivers do not change the structure of the native benthic 
community due to the lack of competition for underutilized resources (e.g. space, food), 
however some studies suggest localized effects of C. fluminea on native benthic 
communities, the focus of Chapter 2 of this thesis.
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Table 1. Candidate model set and parameters to be compared with AICc analysis. Each 
P symbol represents the inclusion of that parameter in the model. K = the number of 
parameters for a given model, including o . pG represents the intercept of the model, so 
for models that contain Year as a factor, pG = 2011 and pi = 2012. Dist = distance of site 
from West Point (km). Sed = % sand. Depth = depth (m).
Model K Intercept Year Dist Sed Depth
gi (Global) 6 Po Pi P2 P3
g2 (Year + Dist + Sed) 5 Po p . P2 Pi
g3 (Dist + Sed + Depth) _5__ _ P o  _ P2 _ _ _ P 3 _ . P l .  _
g4 (Dist + Sed) 4 p . P2 Pi
g5 (Year + Sed) 4 p o  . Pi P3
g6 (Year + Dist) 4 Po Pi P2
g7 (Sed) 3 Po P i
g8 (Dist) 3 Po P2
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Table 2. Mattaponi River water quality and habitat summary for Corbicula survey. 
Corbicula are reported as individuals per Ponar grab (0.023m2). Means (± standard 
error) reported for n=40.
Mattaponi 2011 Mattaponi 2012
Min Max Mean (± SE) Min Max Mean (± SE)
Depth (m) 0.30 9.10 3.22 (0.37) 0.61 12.80 4.22 (0.47)
Temp (°C) 23.41 29.24 26.21 (0.25) 21.54 26.22 24.38(0.17)
Salinity (psu) 0.03 0.53 0.10(0.02) 0.03 0.52 0.06 (0.02)
PH 6.63 7.37 6.79 (0.02) 6.31 6.68 6.53 (0.02)
DO (%) 51.20 80.40 65.48 (1.37) 58.90 87.00 73.05 (1.66)
Chl-a (ug/L) 3.50 11.00 6.478 (0.26) 3.60 9.60 5.19(0.17)
Turbidity (NTU) 4.10 120.60 21.75 (3.79) 3.70 256.60 22.61 (6.30)
Conductivity 0.07 1.09 0.21 (0.04) 0.07 1.05 0.14(0.03)
% Sand 11.92 99.36 77.47 (3.97) 4.93 99.64 77.38 (4.00)
% Gravel 0.00 65.95 4.72 (2.09) 0.00 47.81 2.714(1.38)
% Mud 0.42 88.08 17.81 (3.76) 0.31 95.07 19.9 (3.98)
% Organic 
Content 0.21 18.79 3.76 (0.77) 0.09 15.31 3.61 (0.71)
# Corbicula 0.00 72.00 15.25 (2.92) 0.00 39.00 9.48(1.49)
# Adults 0.00 9.00 0.95 (0.27) 0.00 24.00 3.45 (0.77)
# Juveniles 0.00 72.00 14.30 (2.85) 0.00 26.00 6.03 (1.03)
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Table 3. Pamunkey River water quality and habitat summary for Corbicula survey. 
Corbicula are reported as individuals per Ponar grab (0.023m2). Means (± standard 
error) reported for n=40.
Pamunkey 2011 Pamunkey 2012
Min Max Mean (± SE) Min Max Mean (± SE)
Depth (m) 2.40 10.10 6.25 (0.86) 0.61 12.80 3.42 (0.34)
Temp (°C) 25.43 27.23 26.33 (0.20) 25.03 26.72 25.66 (0.07)
Salinity (psu) 0.06 0.25 0.16(0.02) 0.06 0.09 0.071 (0.00)
pH 7.00 7.06 7.03 (0.01) 6.82 7.23 6.97 (0.02)
DO (%) 69.50 75.60 72.55 (0.68) 69.60 112.30 80.83 (1.82)
Chl-a (ug/L) 2.80 5.40 4.10(0.29 0.10 14.60 6.18(0.55)
Turbidity (NTU) 12.50 23.40 17.95 (1.22) 6.30 80.00 21.39(2.35)
Conductivity 0.14 0.53 0.34 (0.04) 0.12 0.20 0.15(0.00)
% Sand 2.07 99.18 70.96 (4.58) 0.02 99.23 75.38 (4.45)
% Gravel 0.00 97.20 7.53 (3.06) 0.00 99.98 8.05 (3.49)
% Mud 0.67 89.67 21.51 (4.38) 0.00 83.09 16.57 (3.67)
% Organic 
Content 0.14 12.67 3.89 (0.70) 0.15 29.63 3.51 (0.86)
# Corbicula 0.00 159.00 33.52 (6.95) 0.00 61.00 19.27 (2.94)
# Adults 0.00 14.00 0.95 (0.47) 0.00 12.00 1.18(0.35)
# Juveniles 0.00 159.00 32.58 (6.94) 0.00 58.00 18.10(2.91)
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Table 4. AIC model results for a) Mattaponi River and b) Pamunkey River. Ordered by 
decreasing Akaike weight (wi). Bold rows indicate models with strong support (wi >0.1). 
Abbreviations for models as in Table 1. Pseudo R2 is also listed for each model, 
calculated as [1 - (residual deviance of the candidate model / residual deviance of the null 
intercept-only model)] (Nakagawa and Schielzeth, 2013).
a)_________________________________________________________________________
Mattaponi River
Response Model K logLik AICc AAICc Weight(wi) Pseudo R2
g2 5 -264.770 540.4 0.00 0395 0331
gi 6 -264.061 5413 0.92 0.249 0342
g4 4 -266.406 5413 1.00 0.240 0305
Corbicula g3 5 -266.096 543.0 2.65 0.105 0310
Abundance g6 4 -270.035 548.6 8.25 0.006 0.245
g 8 3 -272.406 551.1 10.78 0.002 0.204
g5 4 -271.930 552.4 12.04 0.001 0.213
g 7 3 -273.103 552.5 12.17 0.001 0.192
b)
Pamunkey River
Response 
(data type) Model K logLik AICc AAICc
Weight
(wi) Pseudo R2
g i 6 -294.088 601.3 0.00 0.536 0.620
g 3 5 -295.638 602.1 0.76 0.366 0.605
g 2 5 -297.424 605.7 4.33 0.061 0.588
Corbicula g 4 4 -299.088 606.7 5.38 0.036 0.571
Abundance g 6 4 -304.116 616.8 15.44 0.000 0.515
g 8 3 -305.375 617.1 14.74 0.000 0.500
g 7 3 -324.052 654.4 53.09 0.000 0.232
g5 4 -323.040 654.6 53.09 0.000 0.249
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Table 5. Parameter estimates of models supported with Wi > 0.1 for a) Mattaponi River 
and b) Pamunkey River. Parameter estimates significant at a = 0.05 are in bold. X ’s are 
parameters not included in the selected models. *For Pamunkey River, parameter 
estimates for models g2 and g4  are included for comparison, although these models had Wi 
< 0 . 1.
a)__________________________________________________________________________
Mattaponi River Parameter Estimates (±SE)
Response Model Po
Intercept
Pi
Year (2012)
P2
Dist
Ps
Sed
P4
Depth
g 2 -1.15 ± 0.52 -0.41 ± 0.22 0.05 ± 0.01 0.018 ± 0.005 X
Corbicula g i -1.72 ± 0.69 -0.46 ± 0.23 0.07 ± 0.01 0.015 ± 0.005 0.07 ± 0.06
Abundance
§ 4 -1.42 ± 0.53 X 0.05 ± 0.01 0.019 ± 0.005 X
§ 3 -1.82 ± 0.70 X 0.06 ± 0.02 0.017 ± 0.005 0.05 ±  0.06
b)
Pamunkey River Parameter Estimates (±SE)
Response Model Po
Intercept
Pi
Year (2012)
P2
Dist
Ps
Sed
P4
Depth
g i -2.90 ± 0.54 -0.33 ±0.19 0.07 ± 0.01 0.014 ± 0.004 0.12 ± 0.05
Corbicula g3 -3.13 ± 0.54 X 0.07 ± 0.01 0.014 ± 0.004 0.12 ± 0.05
Abundance
g2* -1.89 ± 0.44 -0.36 ±0.19 0.06 ± 0.01 0.015 ± 0.004 X
g4* -2.10 ± 0.44 X 0.06 ± 0.01 0.015 ± 0.004 X
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Table 6. Interannual conditions for Mattaponi River. *Data from USGS stream gauging 
stations. **Temperature data from VECOS Mattaponi Station TF4.4 measured once per 
month. Dashes indicate unavailable data.
Annual 
Mean (± SE)
July 2010 - June 2011
Monthly Mean 
Discharge 
(m3sec‘1)*
Temperature
(°C)**
Monthly Mean 
Discharge 
(m3sec'1)*
Temperature
(°C)**
July 0.1 31.0 0.4 28.9
August 0.4 30.0 0.9 26.6
September 0.1 24.9 13.2 19.9
October 2.0 17.7 6.7 -
November 2.3 11.7 7.6 -
December 2.3 - 21.1 -
January 2.7 2.2 8.5 5.75
February 4.0 6.3 7.8 6.73
March 13.5 7.5 11.0 17.44
April 6.5 13.7 3.7 20.19
May 9.1 21.3 5.3 21.86
June 1.7 26.2 2.6 23.97
3.7 (1.2)
July 2011 - June 2012
7.4 (1.7)
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Table 7. Interannual conditions for Pamunkey River. *Data from USGS stream gauging 
stations. **Temperature and dissolved oxygen data from VECOS Pamunkey Continuous 
Monitoring Station PMK034.00 recorded every 15 minutes, reported here as monthly 
mean.
July 2010-June 2011 July 2011 - June 2012
Monthly Monthly Monthly Monthly Monthly Monthly
Mean Mean Mean Mean Mean Mean
Discharge Temperature DO Discharge Temperature DO
(m3sec_1)* (°C)** (%)** (m3sec'1)* (°C)** (%)**
July 2.3 29.8 89.3 5.5 30.17 87.72
August 2.7 28.8 81.9 6.3 28.30 73.22
September 1.7 25.6 82.4 50.3 23.51 45.33
October 6.3 18.6 77.1 23.8 17.95 42.20
November 8.2 12.3 78.9 28.6 11.84 81.11
December 8.9 3.4 84.2 71.0 8.96 85.77
January 9.5 2.1 91.3 31.6 6.41 91.15
February 11.3 6.5 92.2 25.8 8.01 96.84
March 40.9 11.6 87.1 48.8 14.83 91.29
April 17.7 16.8 88.6 16.5 17.42 90.23
May 31.9 22.5 73.6 26.0 22.44 93.61
June 5.9 28.1 45.5 9.4 25.89 66.54
Annual
Mean (± SE) 12.3 (3.5) 28.6 (5.7)
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Table 8. Comparison of C. fluminea populations in other systems. Minimum shell length 
(mm) reported when available. Type of river includes: tidal freshwater rivers (TF) and 
non-tidal freshwater rivers (F).
Location
Mean 
C. fluminea 
Density (m 2)
Max
Density
(m-2)
Min
SL
(mm)
Type Reference
Mattaponi River, VA TF
2011 660 3,116 0.5
2012 410 1,668 0.5
Pamunkey River, VA TF
2011 1,451 6,882 0.5
2012 834 2,640 0.5
James River, VA 371 1,452 <6.0 TF Diaz, 1974
Potomac River, MD 665 2,500 0.5 TF Dresler and Cory, 1980
Mechums River, VA 677 1,495 0.5 F Hombach, 1992
Goose Creek, VA 1,900 - 0.5 F Poff etal., 1993
Ogeechee River, GA 182 975 0.5 F Stites et a l, 1995
Trinity River, TX 4,000 16,198 1.0 F
McMahon & Williams, 
1986b
River Minho, Spain 1,255 4,130 0.5 TF Sousa et al., 2005
River Mondego, 
Portugal
5,017 20,056 0.5 TF Franco et al., 2012
Parana River, 
Argentina
2,489 4,690 - TF Boltovskoy et al., 1995
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Figure 2. Total Corbicula abundance and population structure per river per year.
Juvenile clams (“Juv”) are 0.5mm -  5.99mm shell length (SL); Adult clams (“Adult”) are 
> 6mm SL.
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Figure 3. Model fits for Mattaponi River Corbicula abundance by distance. Raw 
abundance data (Corbicula per Ponar grab, 0.023m'2) is plotted as points for 2011 and 
2012 surveys. The top two ranking models, Mg2 (Abundance ~ Year + Dist + Sed) and 
Mgi (Abundance ~ Year + Dist + Sed + Depth) are plotted using the means for all 
variables included in the model except Distance and Year. Separate curves are plotted 
for each year.
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Figure 4. Model fits for Mattaponi River Corbicula abundance by % sand. Raw 
abundance data (Corbicula per Ponar grab, 0.023m'2) is plotted as points for 2011 and 
2012 surveys. The top two ranking models, Mg2 (Abundance ~ Year + Dist + Sed) and 
Mgi (Abundance ~ Year + Dist + Sed + Depth) are plotted using the means for all 
variables included in the model except Sediment and Year. Separate curves are plotted 
for each year.
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Figure 5. Model fits for Pamunkey River Corbicula abundance by distance. Raw 
abundance data (Corbicula per Ponar grab, 0.023m‘2) are plotted as points for 2011 and 
2012 survey. The predicted abundances for the top two ranked models, Pgi (Abundance 
~ Year + Dist + Sed + Depth) and Pg3 (Abundance ~ Dist + Sed + Depth) are plotted 
using the means for all predictor variables included in the model except Distance and 
Year. Separate curves are plotted for each year in Pgi; only a single curve plotted for Pg3 
since Year was not included as a variable.
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Figure 6. Model fits for Pamunkey River Corbicula abundance by % sand. Raw 
abundance data (Corbicula per Ponar grab, 0.023m‘2) are plotted as points for 2011 and 
2012 survey. The predicted abundances for the top two ranked models, Pgi (Abundance 
~ Year + Dist + Sed + Depth) and Pg3 (Abundance ~ Dist + Sed + Depth) are plotted 
using the means for all predictor variables included in the model except Sediment and 
Year. Separate curves are plotted for each year in Pgi; only a single curve plotted for Pg3 
since Year was not included as a variable.
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Figure 7. Model fits for combined Corbicula abundance by distance for each year. Raw 
abundance data (Corbicula per Ponar grab, 0.023m‘2) for both rivers are plotted as points 
separated into two figures by year. The predicted abundances for the top ranking models 
for Mattaponi (MTP g2 '- Abundance ~ Year + Dist + Sed) and Pamunkey (PMK gj: 
Abundance ~ Year + Dist + Sed + Depth) based on predictor variables are shown for each 
year.
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Figure 8. Model fits for combined Corbicula abundance by % sand for each year. Raw 
abundance data (Corbicula per Ponar grab, 0.023m‘2) for both rivers are plotted as points 
separated into two figures by year. The predicted abundances for the top ranking models 
for Mattaponi (MTP g2: Abundance ~ Year + Dist + Sed) and Pamunkey (PMK gj: 
Abundance ~ Year + Dist + Sed + Depth) based on predictor variables are shown for each 
year.
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Chapter II:
Impacts of invasive bivalve, Corbicula fluminea, on tidal freshwater benthic 
communities in Mattaponi and Pamunkey Rivers, Virginia
63
ABSTRACT
The Asian clam, Corbicula fluminea, is one of the most invasive bivalves in the 
world, yet its effects on benthic communities remain relatively poorly studied. C. 
fluminea can potentially engineer benthic habitat through suspension feeding and 
deposition of organic matter, sediment mixing through bioturbation, and provision of 
hard substrate and refuge from empty shells. A manipulative field experiment was 
conducted to evaluate C. fluminea effects on native benthic assemblages of the tidal 
freshwater regions of the Mattaponi and Pamunkey Rivers, sub-tributaries of Chesapeake 
Bay, Virginia. Experimental plots with treatments of live adult C. fluminea (367 m' ), 
empty C. fluminea valves (734 m"2), and a control were created at two sites on each river 
following a 4-wk period of sediment defaunation. Densities of live clams and shell added 
to plots were representative of high densities of adult C. fluminea observed in these 
rivers. Dominant taxa of macrofauna collected after 7 weeks included chironomid larvae 
(Chironominae, Tanypodinae), oligochaetes, Ephemeroptera (Hexagenia sp.),
Trichoptera (Leptoceridae), and gastropods. Benthic community response, assessed for 
each site with factorial ANOVAs, showed no significant effects of live C. fluminea or 
empty shell on macrofaunal abundance, species richness, or diversity, although species 
richness at one site showed a significant difference between live C. fluminea and control 
treatments (P = 0.028). The results suggest that C. fluminea does not have a major direct 
impact on a tidal freshwater benthic community of lower Chesapeake Bay.
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INTRODUCTION
Tidal Freshwater Benthic Communities
Tidal freshwater benthic communities have been largely understudied by 
limnologists due to the presence of tidal influence and salinity (<0.5psu), and often 
overlooked by marine ecologists due to the dominance by freshwater organisms (Odum, 
1988). These unique benthic communities are primarily composed of insect larvae 
(Chironomidae, Ephemeroptera, Odonata, Trichoptera), annelids (Tubificidae, Naididae, 
Enchytraidae), and crustaceans (Amphipoda) (Diaz and Boesch, 1977; Yozzo and Diaz, 
1999). Although the benthic fauna are similar to that of non-tidal freshwater habitats, no 
single macrobenthic species is specifically adapted for living in tidal freshwater 
conditions (Diaz, 1989,1994; Diaz and Boesch, 1977).
Instead, Diaz and Boesch (1977) suggest that the benthic community is composed 
of organisms that can adapt to changing environmental conditions and are remarkably 
resilient to the common disturbances within tidal freshwater systems. These systems are 
characterized by frequent resuspension of surface sediments from tidal and wind energy, 
as well as seasonal storms—these are fundamental parts of the disturbance regime in tidal 
freshwater rivers (Diaz, 1994). Compared to non-tidal freshwater systems, benthic 
organism abundance and species richness are lower in tidal freshwater—this is likely 
attributed to the harsh physical environment and lack of habitat diversity (Diaz, 1994; 
Yozzo and Diaz, 1999).
Tidal freshwater systems often lack the hard, complex substrates (e.g. cobbles) 
commonly found in non-tidal freshwater habitats (Diaz and Boesch, 1977; Diaz, 1989). 
Formation of the estuarine turbidity maximum (ETM), such as in the upper York River at
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the confluence of Mattaponi and Pamunkey Rivers, traps fine sediments and further 
reduces availability of hard substrate (Reay, 2009; Schaffner et al., 2001). Strong tidal 
currents in the upper York River and its sub-tributaries enhance potential for frequent 
resuspension of surface sediments (Friedrichs 2009), which is an integral part of the 
disturbance regime in tidal freshwater habitats (Diaz, 1994; Schaffner et a l , 2001).
The high level of physical disturbance in tidal freshwater systems leads to an 
underutilization of benthic resources (e.g. food, space) by these resilient taxa. The non- 
indigenous Asian clam, Corbicula fluminea, successfully populated the James River but 
did not displace any native species, potentially due to the availability of underutilized 
benthic resources (Diaz and Boesch, 1977; Diaz, 1994). Although species richness is 
generally low, tidal freshwater habitats are highly productive ecosystems supporting 
benthic communities that are vital to the energy flow in estuarine systems (Diaz, 1994; 
Yozzo and Diaz, 1999).
Invasive Bivalves as Ecosystem Engineers
Invasive species frequently occur in high densities and can significantly alter the 
structure and function of invaded systems, thus acting as “ecosystem engineers.” An 
ecosystem engineer is an organism that directly or indirectly affects the availability of 
resources to other species by physically modifying the environment (Jones et al, 1994; 
Sousa et al, 2009; Wright and Jones, 2006). There are a variety of engineering 
mechanisms, all of which alter, maintain, or create habitats (Sousa et al, 2009). 
Autogenic engineers directly alter the environment via their own physical structures, such 
as oysters or hermatypic corals (Jones et al, 1994). Allogenic engineers indirectly alter
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the environment by transforming biotic or abiotic materials from one physical state to 
another through mechanical or biological means—a classic example is beaver dam 
construction (Jones et al, 1994). Some engineers exhibit both autogenic and allogenic 
engineering mechanisms.
The concept of ecosystem engineers is different than “keystone species,” as the 
latter may generally influence an environment through trophic interactions and other non­
physical processes and typically have an influence that is disproportionate to their 
abundance (Power et al., 1996; Wright and Jones, 2006). This is not to say, however, 
that some keystone species cannot also be considered ecosystem engineers. Many 
prolific ecosystem engineers are also invasive species, such as the zebra mussel, 
Dreissena polymorpha.
Bivalves often exhibit ecosystem engineering mechanisms as a result of their 
normal behavior through bioturbation, filter feeding, and shell production (Vaughn and 
Hakenkamp, 2001). As with many non-indigenous species, invasive bivalves are usually 
highly fecund, fast-growing, occur in high densities and broad spatial distributions— 
these strategies provide the means to quickly become the dominant biomass in the 
invaded system and thus enhance their engineering effects (Sousa et al, 2009; Strayer, 
1999). Invasive bivalves may introduce novel or more-efficient functions, including shell 
production as new habitat or high suspension feeding rates, which may significantly alter 
ecosystem structure and functioning (Strayer, 1999). These activities may have a variety 
of effects on resource availability, yet the impacts of these changes on other biota are 
often poorly understood (Sousa et al, 2009).
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Previous studies have shown that increased habitat complexity from autogenic 
shell production by invasive mollusks is positively correlated with abundance and species 
richness of associated fauna (Crooks, 2002; Gutierrez et al., 2003). Bivalve and 
gastropod shells can provide a hard substrate for attachment of epibiotic organisms, 
refuge from predation and physical stress, and control particle transport in the sediments; 
shells tend to be persistent and continue to alter the environment long after a mollusk is 
dead (Gutierrez et ah, 2003). Although relationships of shell abundance and species 
richness are frequently observed for epifaunal bivalves, such as D. polymorpha, there is a 
paucity of research on the effects of infaunal invasive bivalves on benthic community 
structure (Sousa et al, 2009).
Impacts of Corbicula fluminea on the Benthic Community
Despite the widespread invasion of C. fluminea in North America and around the 
world, their impacts on the benthic community are surprisingly understudied (Sousa et 
al, 2009; Strayer, 1999). The potential ecosystem engineering mechanisms of C. 
fluminea include extensive filter feeding, shell production for increased habitat 
complexity, provision of hard substrate (for epifaunal colonization) and refuge (for biota 
escaping predation or physical stress), and changes to the sediment by bioturbation and 
deposition of pseudofeces (Gutierrez et al, 2003; Werner and Rothhaupt, 2008; Sousa et 
al, 2009). As these invaders continue to spread and dominate the benthic biomass of new 
habitats, research is needed to elucidate the potential effects of C. fluminea on the benthic 
community.
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The effects of C. fluminea on benthic communities of freshwater are poorly 
studied (Hakenkamp et al. 2001; Karatayev et al., 2003; Werner and Rothhaupt 2007, 
2008), and there are even fewer studies conducted in tidal freshwater systems (llarri et 
al., 2012). While no significant correlations between C. fluminea density and 
invertebrate taxon were found in a Texas reservoir (Karatayev et al., 2003), benthic 
macrofauna density, biomass, and diversity were positively correlated with increasing C. 
fluminea density, especially for the faunal groups Crustacea, Insecta, and Gastropoda in 
River Minho estuary, Portugal (llarri et al., 2012). This positive response was possibly 
related to the structurally complex substrate provided by C. fluminea shells and the 
production of feces and pseudofeces (Crooks, 1998; Gutierrez et a l, 2003; Vaughn and 
Hakenkamp, 2001).
Manipulative experiments with C. fluminea are sparse, but the results of these few 
studies are insightful. In a manipulative field experiment in Lake Constance (Central 
Europe), the overall benthic community did not differ significantly among treatments of 
bare sand, C. fluminea shells (2,000m'2), and live clams (1,000m'2), but the mayfly 
(Ephemeroptera, Caenis spp.) exhibited increased density in boxes containing shells 
(ANOVA, p < 0.0001) (Werner and Rothhaupt, 2007). Other species may prefer this 
novel structured habitat as well, however the invasion of C. fluminea in Lake Constance 
was relatively new (3-5 years) and there may not have been sufficient time for taxa 
preferring hard substrate to colonize the area. Mood (2004) conducted a similar 
experiment in Lake Nacogdoches, Texas, and found no significant effects of live C. 
fluminea or shell on macrofaunal abundance, biomass, diversity, or taxonomic 
composition. In a laboratory experiment, Werner and Rothhaupt (2008) investigated
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potential engineering mechanisms by distinguishing between the structural role of shells 
and the biotic effects of live C. fluminea. In live clam treatments, C. fluminea were either 
starved, so that only bioturbation from pedal feeding was present, or fed with algae to 
allow biodeposition, bioturbation, and nutrient reallocation from the water column to the 
sediments. Most epifaunal taxa, including Hirudinea, Amphipoda, Ispoda, and 
Ephemeroptera, showed preference for C. fluminea shells, while only a few taxa 
(Amphipoda and Gastropoda) preferred live clam treatments (Werner and Rothhaupt, 
2008).
C. fluminea populations have adult high mortality rates and frequently undergo 
massive die-offs during extreme summer and winter conditions (McMahon, 1999; llarri 
et al., 2011; Sousa et al., 2012). Previous studies have shown that C. fluminea shells are 
more persistent than native bivalve shells, however decay rates were found to be highly 
variable and may be related to water chemistry and stream flow (Strayer and Malcom, 
2007; Schmidlin et al., 2012). Therefore, dense C. fluminea populations produce large 
accumulations of shell that can significantly alter the habitat complexity of unstructured 
sediments (Gutierrez et ah, 2003).
Objectives & Hypotheses
Improving our ecological knowledge of C. fluminea may help to protect local 
biodiversity, habitats, and economic resources (Sousa et al, 2008). As discussed above, 
there is a paucity of research on the potential effects of C. fluminea on benthic 
communities in tidal freshwater systems in general (Strayer, 1999; Sousa et al. 2009) and 
a significant lack of research on C. fluminea in the Chesapeake Bay ecosystem. This
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chapter focuses on the results of a manipulative field experiment designed to assess the 
impacts of C. fluminea on tidal freshwater benthic community structure in the Mattaponi 
and Pamunkey Rivers. Benthic community response was assessed in terms of 
macrofaunal abundance, richness, diversity, and community composition.
The following hypotheses were investigated:
Hypothesis 1—Total macrofaunal abundance, species richness, and diversity will 
be positively related to the presence of both live C. fluminea and empty shell, 
as both biotic and abiotic engineering mechanisms may be beneficial (Crooks, 
2002; Gutierrez et al, 2003; Sousa et al., 2009; Werner and Rothhaupt 2007, 
2008).
Hypothesis 2— Live C. fluminea will have a greater positive effect on infauna than 
epifauna due to processes such as biodeposition and bioturbation (Vaughn and 
Hakenkamp, 2001; Werner and Rothhaupt, 2008), while empty C. fluminea 
shells will have a greater positive effect on epifauna relative to infauna due to 
provision of substrate and increased habitat complexity (Crooks, 2002; 
Gutierrez et al, 2003; Werner and Rothhaupt, 2007).
METHODS 
Site Locations
Two shallow subtidal experimental sites were selected for each river based on 
land access by permission of homeowners and suitability for experiment installation.
Sites were considered within the mid-section of the tidal freshwater zones where the 
highest C. fluminea densities were observed during the 2011 survey (Chapter 1).
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Potential sites were observed at low tide to determine if there was a suitable area within 
the subtidal zone for experiment installation, as some sites sloped too steeply into the 
channel. The two sites on the Mattaponi River were located at Locust Grove (LOC) and 
Mantua (MAN), both downriver from Walkerton, VA (Figure 1, Table 1). LOC was 
located on the northern side of the river near remnants of a colonial wharf, secluded from 
other development, and had a steep, vertically eroding shoreline—this resulted in large 
woody debris submerged in the mixed sediments, composed of fine mud and coarse sand. 
MAN was located along the southern side of the Mattaponi with a bulkhead, mixed 
sediments of fine mud and coarse sand, and emergent marsh vegetation nearby. The two 
Pamunkey River sites were located at Elsing Green (ELG) and the Pamunkey Indian 
Reservation (REZ) (Figure 1, Table 1). ELG was located on the northern side of the 
river, bordered by a steep, vegetated shoreline bordering a cornfield; emergent marsh 
vegetation was abundant in the intertidal zone, and a private dock and boat ramp were 
located adjacent to the experimental site; sediments were mixed mud and coarse sand. 
REZ was located on the northern shore of the river on the eastern side of the Pamunkey 
Indian Reservation next to the shad hatchery, which was not active during the course of 
the experiment. Permission for accessing REZ was granted by the current Chief. The 
site was characterized bordered by a low bulkhead and dense emergent marsh vegetation; 
sediments were predominantly coarse sand and gravel with some mud.
Site Preparation & Defaunation
This field experiment was conducted during summer 2012 during the general 
recruitment period for the benthic community. Site selection and preparation occurred
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from June-August, and the experiment ran from August-September. Before experiment 
installation, each site area (3.7m x 6.1m) was manually cleared of large debris (such as 
tree branches or rocks), submerged aquatic vegetation (predominantly Hy drill a 
verticil lata), and C. fluminea (both live clams and empty shells). Personal floatation 
devices were used to reduce the impact of volunteers’ feet within the experimental area.
Next, the experimental area was defaunated by installing a plastic tarp (3.7m x 
6.1m, lOmil thick) to induce anoxic conditions. Clearing the experimental areas of 
organisms was intended to help reduce noise when analyzing results, as it provided the 
means to assess which organisms actively settled in the different treatments. Strips of 
galvanized steel flashing (10cm tall) were attached to tarp edges to make them rigid and 
easier to bury. Once the tarp was flat and any major air bubbles were displaced, 32 
concrete blocks were placed on top of the tarp to secure it in place. Tarps were left 
installed for approximately four weeks. Wittmann et al. (2012) used a similar approach 
to successfully defaunate areas in Lake Tahoe, which resulted in complete C. fluminea 
mortality and high mortality of most other benthic organisms after four weeks.
Live C. fluminea and dead shells for the experiment were collected when 
removing them from the sites during pretreatment, and during subsequent trips to the 
Mantua site to collect a sufficient amount of the experiment. The clams were transported 
to VIMS and kept in aquaria for four weeks with air stones, rinsed sand for substrate, and 
river water collected from experimental sites. River water mixed with silty sediments 
was replenished each week to feed the clams, as silty sediments can provide enough 
organic matter to sustain C. fluminea captivity via deposit feeding for long periods of
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time (M. Newman, VIMS, personal communication). No mortality was observed during 
the holding period.
Experimental Design & Installation
Due to the patchy and often dense distribution of live C. fluminea and dead shell 
observed in both Mattaponi and Pamunkey Rivers during the 2011 survey, open-top 
cages (hereafter referred to as “fences”, 0.3m x 0.3m x 0.25m), were designed to help 
simulate naturally occurring patches while maintaining a manageable structure size, 
given the large number of treatments installed at each site. Fences were constructed from 
galvanized hardware cloth (0.635cm mesh) to account for the strong tidal influence in 
these rivers and help prevent scouring, and also allowed macrofauna to move freely in 
and out of the cages while retaining C. fluminea. The fence design also allowed for 
sediment diffusion and natural predator interactions. Robinson and Wellborn (1988) used 
the same mesh size (0.635cm) in cage designs to successfully retain C. fluminea in 
treatment plots. PVC poles (2.0cm diameter x 76.2cm) were attached to the comers of 
each fence with cable ties so that it could be driven into the sediment to secure the 
structure with the lower 7cm of fence buried below sediment surface. Control plots (i.e. 
no fence) were also installed to account for structural effects from the fences—these plots 
consisted only of PVC poles to delineate the four comers of the plot area.
Experimental treatments included a combination of three levels of Clam 
Treatment: the addition of live C. fluminea, empty C. fluminea shells, or no additions 
(control); and two levels of Fence Treatment, fences (to retain clams), and “no fence” 
(control, to determine presence of a structural effect). Three replicates of each of these
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six treatments combinations were randomly ordered in a randomized complete block 
design for each site (Fig. 2), for a total of 18 plots at each site. Replication provided a 
safety net in case one treatment combination replicate was lost or damaged (Gotelli and 
Ellison, 2004), however no plots were lost or damaged during the course of the 
experiment. Plots were spaced 0.6m apart in three rows parallel to the shore, progressing 
towards the channel.
The abundance of live C. fluminea and shell added to the treatment plots were 
selected to be representative of highest densities of adult clams (shell length, SL,
>10mm) observed during the 2011 and 2012 surveys. For each live C. fluminea 
treatment, 33 clams (-367 m'2) were added, composed of 26 medium clams (mean SL ± 
standard error, 15.82 ± 0.21mm) and 7 large clams (SL 26.64 ± 0.33mm). For each shell 
treatment, 66 C. fluminea valves (-734 m'2) within a similar size range were added to 
each plot. Although other studies regarding the impact of C. fluminea on the benthic 
community used extremely high densities (>1,000 clams m’2) in their experiments 
(Werner and Rothhaupt, 2007), this experiment was designed to represent the actual 
invasion conditions in Mattaponi and Pamunkey Rivers as best as possible—densities of 
>1,000 adult C. fluminea (m' ) in these tidal freshwater rivers would be unrealistically 
high, based on the survey results (Chapter 1).
Live C. fluminea and shells for addition to the plots were tagged with nail 
polish— empty shells were tagged on inside and live clams were tagged on outside to 
differentiate between clams that died during the experiment. After tagging, live C. 
fluminea were returned to the aquaria and exhibited no mortality. Although two colors of 
nail polish were used (blue for fenced treatments, red for fence controls) to account for
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potential migration between plots, the tags frequently turned brown or grey during the 
course of the experiment. While installing the cages, the containers storing live clams for 
the experiment were mixed with river water to ease the transition to ambient temperature 
and salinity. Clams were added to treatment plots 2-3 hours after tarp removal; this 
waiting period could not be extended due to the narrow time window in which plots were 
accessible at low tide.
Field Sampling
Plots were sampled seven weeks after experimental installation. Water quality 
conditions were recorded at the center of each site using a YSI 650 MDS multiparameter 
water quality sonde, including temperature (°C), salinity (psu), pH, dissolved oxygen (% 
saturation), and turbidity (NTU). Within each plot, one macrofauna core (9.0cm diameter 
x 10-20cm depth, depending on substrate stability) and one sediment core (5.0cm 
diameter x 10cm depth) were collected. Faunal samples were sieved in field at 500pm 
and placed into cloth bags; sediment samples were placed in Whirlpak bags, and both 
were stored on ice. The remaining sediment in each live C. fluminea treatment was 
excavated by hand to collect remaining clams, which were placed in separate bags for 
each plot and stored on ice. This was done to account for mortality or migration during 
the experiment, and also removed the artificially transplanted invasive species from the 
area. Clam excavation had to be completed quickly given the narrow time window in 
which plots were accessible at low tide.
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Laboratory Processes
Upon returning to the lab, the faunal samples were fixed in buffered 10% formalin 
and Rose Bengal dye for at least 48 hours. The samples were rinsed on a 500pm sieve to 
remove the fixative and stored in 70% ethanol. Sediment samples were stored in a -29°C 
freezer to minimize degradation of organic matter until the samples were processed.
Each macrofauna sample was sorted twice to remove all organisms to ensure at 
least 95% sorting efficiency. The lab manager re-sorted a subset of the samples to 
determine sorting efficiency, which was 95.9%. Organisms were identified to lowest 
practical taxonomic level using a Nikon SMZ1000 dissecting microscope. Identifications 
that required mounting on a compound scope, including oligochaete orders and 
chironomid genera, were generally not conducted due to the level of difficulty and 
taxonomic expertise required for this time-consuming process. Furthermore, many larval 
insect specimens were very early stage instars that had not yet developed the 
characteristics required for further identification. The majority of oligochaetes observed 
in the tidal freshwater James River were Tubificidae, primarily Limnodrilus sp. (Diaz and 
Boesch, 1977), which can’t be identified to species until the individual has fully matured.
Sediment samples were processed for grain size using wet sieving and pipette 
analysis (Plumb, 1981). Five samples were processed from each site to determine the 
mean grain size distribution. Before processing, larger shells and large woody debris 
were manually removed from samples so as not to interfere with grain size analysis.
Grain size fractions were calculated as percent weight of: gravel (>2mm), sand (63um -  
2mm), and mud (combined silt and clay fractions, <63um).
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Statistical Analysis
The following were calculated for each sample: total macrofauna abundance (per 
core, 62.21cm'2), species richness, and Shannon-Wiener Diversity Index (IT). For FT, 
log2 was used instead of loge to make the results comparable to other Chesapeake Bay 
benthic studies. Independent analyses were conducted for each site with a factorial 
analysis of variance (ANOVA), using abundance, species richness, and H’ as the 
response variables and the Clam Treatment (live, shell, or control), Fence Treatment 
(fence or control), and interaction (Clam Treatment X Fence Treatment) as factors. The 
fully factorial ANOVA design was utilized since there were three replicates of every 
treatment combination (clam treatment x fence treatment) per site, and no replicates were 
lost or damaged.
Factorial ANOVA must meet the assumptions of normality and homogeneity of 
variance for response variables (Logan, 2010). Exploratory data analysis suggested that 
abundance, richness, and H’ did not need to be transformed, as the raw data generally 
satisfied the assumptions. Raw data and traditional transformations, including square 
root, BoxCox, and natural log, were applied to assess normality of response variables via 
boxplots of mean values and through homogeneity of residual variance (homoscedascity) 
via Residuals vs. Fitted plots and visual interpretation of QQ plots and histograms 
(Logan, 2010). These transformations did not greatly improve the normality of the data, 
so ANOVAs were run on untransformed data. Next, post-hoc pairwise comparisons were 
calculated with Tukey’s Honestly Significant Difference (HSD) test to determine 
significant effects of the different treatment levels. Analyses and figures were 
accomplished using R statistical and graphing software (version R version 3.0.1) with
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several packages (ggplot2, gridExtra, MASS, plyr, plotrix, vegan) on the R-studio 
platform (version 0.97.551).
Species composition was analyzed using non-metric multidimensional scaling 
(nMDS) in PRIMER software package (ver. 6.1.16). Data were square root transformed 
to down weigh dominant taxa (Clarke and Warwick 2001), since the top five dominant 
taxa represented 58.7 % to 77.04 % of organism abundance at each site. After calculating 
a Bray-Curtis similarity matrix, nMDS analysis was run to find non-parametric 
relationships between the dissimilarities of items in the matrix. Stacked bar plots were 
also created for mean species composition (m‘ ) and larger taxonomic group composition 
(m'2) (e.g. bivalve, crustacean, diptera, Ephemeroptera, gastropod, oligochaete, 
trichoptera, and other insects) per Clam Treatment at each site.
RESULTS
Comparison of Site Conditions & Community Composition
The invasive submerged aquatic vegetation (SAV) species, Hydrilla verticillata, 
was the dominant SAV encountered at the experiment sites, and has invaded systems 
throughout the Chesapeake Bay (Posey et al., 1993). Although H. verticillata was 
manually removed before defaunation, the remaining beds of H. verticillata surrounding 
the experimental area encroached into all the plots at all sites during the seven-week run 
of the experiment. H. verticillata density appeared lower within the experimental area 
than the surrounding areas, but its presence may have masked any subtle effects of the 
live C. fluminea or shell presence.
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Comparison of water chemistry and sediment grain size indicated that the 
Pamunkey Indian Reservation site (REZ) was different than the other three sites, Locust 
Grove (LOC), Mantua (MAN), and Elsing Green (ELG) (Table 1). REZ had higher 
salinity (0.64 psu) and pH (8.51) compared to the other sites, which ranged from 0.14- 
0.19 psu and 7.05 -  7.53 pH. Sediment composition was also notably different at REZ, 
with high % gravel (mean ± SE, 28.97 ± 10.42) and low % mud (5.90 ± 0.54), while the 
other sites had low % gravel and higher % mud (Table 1). Recovery of C. fluminea 
added to the experimental plots was variable, ranging from 34.3 -  60.1% of the 198 
tagged clams added per site. Although the total proportion of recovered C. fluminea 
varied between sites, the condition of the recovered clams (i.e. alive or dead) further 
indicated that REZ was unusual. The proportion of live clams at LOC, MAN, and ELG 
ranged from 72.1 -  84.9%, while only 7.7% of recovered clams at REZ were still alive 
(Table 1). When initially clearing the sites of C. fluminea and debris before tarp 
installation, C. fluminea were common at all sites except REZ, in which no live C. 
fluminea were observed.
Analysis of species composition by nMDS suggested that species composition 
varied by site (Fig. 3). The 2D stress value was high at 0.24; lower stress values indicate 
the data are a better representation of nature, with stress values <0.1 indicating “good” 
ordination. The species composition overlapped between sites rather than forming 
distinct clusters, which suggests that the sites share similar taxa but different % 
composition.
A total of 33 different taxa were identified, including insects (19 taxa), bivalves (4 
taxa), gastropods (4 taxa), malacostraca (4 taxa), oligochaetes, and Platyhelminthes
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(Table 2). The most common insect larvae included Diptera (6 taxa), Ephemeroptera (3 
taxa), and Trichoptera (3 taxa). Less common insect taxa were grouped as “Other 
Insects,” and included Coleoptera (1 taxa), Megaloptera (2 taxa), and Odonata (4 taxa). 
Although the sites shared the same dominant taxonomic groups, including insect larvae 
(Diptera, Ephemeroptera, and Trichoptera), oligochaetes, and mollusks, the rank 
abundance showed that composition was different between sites (Table 3). Taxa 
composition at REZ was different that the other sites, as gastropods were dominant 
(27.18%) and many taxa were absent, including bivalves (Pisidium sp., Sphaerium sp., C. 
fluminea juveniles), Coleoptera, Megaloptera, and Anisoptera. Furthermore, 
Platyhelminthes (2 individuals) and Rangia cuneata (1 individual) were found only at 
REZ—the large R. cuneata was found in an unfenced treatment plot at the edge of the 
site. Since the habitat conditions and taxa composition at REZ were notably different and 
the majority of C. fluminea died, this site was not included in the rest of the data analysis. 
Based on these observations, the remaining three sites (MAN, ELG, LOC) were analyzed 
separately for effects of live C. fluminea and shell on benthic macrofauna abundance, 
richness, and diversity.
Effects of Corbicula fluminea on Benthic Community
Overall, there were no significant effects of live C. fluminea or shell on 
macrofauna abundance, species richness, or Shannon Diversity, nor were there any 
significant effects of fence presence on response variables (Table 4, Fig. 4, Fig. 5, Fig. 6). 
The only exception was a significant effect of Clam Treatment on species richness at 
ELG (P = 0.034); Tukey’s HSD showed that the live C. fluminea treatments were
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significantly higher than the control (adjusted-P = 0.028), where the P-value is adjusted 
based on the number of pairwise comparisons so that it is still comparable at a = 0.05 
(Table 4, Fig. 6). The higher species richness in live clam treatments was driven by 
Stenelmis sp. (Coleoptera), Enallagma sp. (Zygoptera), Rhithropanopeus harrisii 
(Decapoda), Sphaerium sp. (Bivalvia), and Muscidae (Diptera) (Fig. 8). These species 
were generally rare at all sites; hence their presence in live C. fluminea treatments at ELG 
did not contribute much to macrofaunal abundance. Separate ANOVAs were run for 
each of the infaunal taxa, Hexagenia and oligochaetes, but did not produce any 
significant results to support Hypothesis 2.
Although the ANOVA results are not significant, there are discemable trends in
the community composition. When macrofauna abundance is scaled to mean density
2.(nf ) to show the community structure for each Clam Treatment as larger taxonomic 
group (Fig. 7) and as lowest practical taxonomic level (Fig. 8), it is evident that site- 
specific effects were more evident than effects of Clam Treatment. For example, 
Oligochaeta densities were highest at ELG, Diptera densities were highest at LOC, and 
Ephemeroptera densities were highest at MAN—these patterns stand out regardless of 
Clam Treatment (Figure 7).
As for more subtle patterns related to Clam Treatment, Ephemeroptera densities 
were higher in samples from treatments with live C. fluminea and shell compared to 
controls at ELG and MAN, and in live C. fluminea treatments at LOC (Fig. 7). This 
pattern was largely attributed to Hexagenia sp. and Centroptilum sp. (Fig. 8). Trichoptera 
densities were notably lower in shell treatments at LOC, and marginally lower in live C. 
fluminea and shell treatments at MAN (Fig. 7); these differences were largely driven by
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Leptoceridae (Fig. 8). The two other Trichoptera (Orthotrichia sp. and Oxyethria sp.) 
were higher in live C. fluminea and shell treatments at ELG (Fig. 8). Although the 
amphipod, Gammarus fasciatus, was not a dominant taxon at any site, there were higher 
densities in live C. fluminea and shell treatments at ELG and MAN (Fig. 8). C. fluminea 
found in the macrofaunal samples were primarily young juveniles, with shell lengths < 6 
mm, and had the lowest densities in shell treatments at ELG and LOC (Fig. 8). Many of 
these clams were small enough to be new recruits released during the experiment, either 
from tagged adult C. fluminea or from the ambient clam population.
Benthic Community Recolonization
The benthic macrofauna recolonization following disturbance and mortality (i.e. 
defaunation) was assessed by comparing mean macrofaunal density (m‘ ) and total 
species richness for each experimental site with the three closest benthic survey sites 
sampled in June 2012 (Chapter 1; J. Dreyer unpublished data, VIMS, 2013). C. fluminea 
was excluded from the mean density and total species richness comparisons, since adult 
clams were manipulated during the experiment. Mean macrofaunal density (m‘2) and 
total species richness were higher at all experimental sites compared to unmanipulated 
survey sites (Table 5).
DISCUSSION
Previous work in the James River of Chesapeake Bay has shown that the tidal 
freshwater benthic communities are composed of eurytopic, opportunistic species that are 
resilient to environmental perturbations (Diaz and Boesch, 1977). While the results of
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this experimental study did not demonstrate significant impacts of C. fluminea clams or 
shells on benthic communities of the Mattaponi and Pamunkey Rivers, they do 
demonstrate that the benthic community is robust and highly eurytopic (Diaz, 1989). As 
observed in the James River, C. fluminea may not impact the native benthic community 
due to the availability of underutilized benthic resources (e.g. food, space) (Diaz and 
Boesch, 1977; Diaz, 1994). The native bivalve population is sparse in the Mattaponi and 
Pamunkey Rivers, composing only 4 % of total macrofauna collected during 2012 
benthic survey, while C. fluminea constituted 20 % (J. Dreyer unpublished data, VIMS, 
2013). This suggests that C. fluminea is fulfilling an underutilized niche and could be 
providing important trophic linkages for the abundant allochthonous organic matter, 
benthic detritivores, and commercially important fish species.
Furthermore, the results of this study indicate that benthic macrofauna quickly 
recolonized the experimental sites following a massive mortality event (i.e. defaunation). 
Macrofauna density (m'2) and total species richness were higher at all experimental sites 
compared to adjacent unmanipulated areas (Table 5), indicating macrofauna 
recolonization after 7 weeks. It is possible that the H. verticillata surrounding the 
experimental plots aided in recolonization, as it can harbor high densities of benthic fauna 
to repopulate the defaunated area (Posey et al., 1993), and most of the adjacent survey 
samples were collected in deeper, unvegetated locations. Also, the higher total species 
richness at the experimental sites may reflect the larger sampling effort (18 experimental 
samples per site compared to 3 adjacent survey samples), which would increase the 
chance of observing rare species.
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It seems unusual that the disturbed experimental areas had higher macrofaunal 
density and species richness, but flying insects, such as adult chironomids, have great 
dispersal ability and can quickly recolonize shallow defaunated areas (Diaz and Boesch, 
1977). In the tidal freshwater James River, Diaz (1994) observed that all but a few insect 
taxa had recolonized the benthos only three weeks after major disturbance from fluid 
mud dredge spoils. There was no discemable successional pattern for recolonization, 
which is normally documented in freshwater and marine habitats. This insensitivity of 
the benthic community structure to disturbance further exemplifies the resilient nature of 
tidal freshwater fauna (Diaz, 1994).
It is unclear why almost 50 % of tagged C. fluminea were not recovered from the 
experimental sites (Table 1), but this lack of recovery may be due to either predation, 
excavation efficiency or both. Predators such as blue catfish, Ictalurus furcatus, consume 
C. fluminea whole but lack pharyngeal tooth structures to crush the shells (Gatlin et a l, 
2013), hence shells from these missing clams would not be recovered at the site. In 
addition, clam excavation was conducted quickly due to the narrow time window in 
which plots were accessible at low tide, and some C. fluminea may have been missed. As 
for the C. fluminea that died during the experiment, this could be attributed to adding 
clams to unsuitable sediment conditions following the 2-3 hour period after tarp removal, 
warm temperatures during August and September, or the high natural mortality rates for 
adults (McMahon, 1999). Further investigation is required to determine why most C. 
fluminea died at REZ. Many other taxa were absent from this site, yet it supported a high 
species richness (Table 5).
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The densities of C. fluminea used for the experiment reflected the higher densities 
observed in the Mattaponi and Pamunkey Rivers in 2011/2012 (Chapter 1), but these 
population levels are low compared to what has been reported for other invaded systems. 
Consistent with previous studies, even those with higher C. fluminea densities 
(Hakenkamp et a l 2001; Karatayev et al., 2003; Mood, 2004; Werner and Rothhaupt 
2007, 2008; llarri et a l, 2012), my results suggest that C. fluminea has minimal impacts 
on the benthic community and is not an ecosystem engineer in tidal freshwater benthic 
habitats of lower Chesapeake Bay.
Only a few taxa had higher abundance in the clam treatments, and examination of 
their life histories can provided insight into this positive response. The burrowing 
mayfly, Hexagenia sp., had a positive response to the presence of live C. fluminea or 
shells at the three sites studied (ELG, MAN, LOC). The higher mean densities of 
Hexagenia in live clam treatments suggest that Hexagenia is not hindered by the active 
burrowing of C. fluminea, since both usually inhabit the top 5cm of the sediments 
(Pennak, 1978). Hexagenia may benefit from increased organic matter deposition by live 
C. fluminea, as well as the increased organic matter trapped by the shell treatments at 
ELG and MAN. This experiment did not assess organic matter content, however, as 
there were no significant fence effects at any of the sites, and the high rate of fine 
sediment trapping by H. verticillata, which was present in all experimental plots, could 
overshadow clam biodeposition (Posey et al., 1993).
Although the two Trichoptera genera in the Hydroptilidae family, Orthotrichia sp. 
and Oxyethria sp., were higher in live C. fluminea and shell treatments at ELG (Fig. 8), 
these micro-caddisflies are closely associated with SAV and are adapted to feed on
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filamentous algae (Wiggins, 1977). Therefore, the presence of H. verticillata probably 
had more influence on these micro-caddisflies than the live C. fluminea or shell 
treatments. Posey et al. (1993) found that patches of H. verticillata supported higher 
densities of most benthic taxa than unvegetated areas, possibly due to reduced predation 
pressures or increased organic matter deposition. Therefore, the potential for C. fluminea 
shells to provide refuge from predation or live C. fluminea to increase organic matter 
deposition may have been obscured by effects of H. verticillata. This experiment could 
be run again in the fall after H. verticillata undergoes a seasonal dieback, however this 
would also be after the general benthic recruitment period has finished for the year.
CONCLUSION
The invasive Asian clam, Corbicula fluminea, has become an established 
component of the tidal freshwater benthic community in the Mattaponi and Pamunkey 
Rivers with average densities (m~2) of 535 (± 72) and 1,143 (± 166) clams, respectively.
C. fluminea did not have significant effects on native benthic community abundance, 
richness, or diversity during an experiment to evaluate the effects of live clams or clam 
shells on colonization following defaunation. Given that tidal freshwater benthos are 
hearty, eurytopic organisms adapted to life in a dynamic, physically disturbed habitats, 
the introduction and establishment of an invasive species like C. fluminea does not appear 
to have upset the balance in this community. Compared to other invaded systems, 
especially lentic habitats, the C. fluminea population in these river systems is a low-to- 
moderate level invasion but still the dominant component of benthic community. C. 
fluminea may be providing beneficial ecosystem services by increasing water clarity to
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promote SAV growth (Phelps, 1994) and bioaccumulation of contaminants (Doherty, 
1990), which both promote a healthier tidal freshwater ecosystem.
Although C. fluminea is a non-native species that can cause significant economic 
impacts in other systems, eradication of this alien bivalve from the Mattaponi and 
Pamunkey Rivers does not appear necessary at this point in time and would be an 
incredibly challenging endeavor. There is still much to learn about the structure and 
dynamics of the tidal freshwater benthic community in these rivers (Gillett and Schaffner, 
2009; Yozzo and Diaz, 1990), as this research comprises one of the few detailed studies 
of these organisms. Continued annual and seasonal monitoring of C. fluminea and the 
associated macrobenthic community is needed to gain more insight on the interactions 
between the native species and their alien counterparts.
ADDENDUM
Luminophore Tracer Technique
In the original experimental design, bioturbation was to be assessed to determine 
if C. fluminea had a measurable impact on the mixing of surface sediments. This was to 
be accomplished using luminophores, which are sand grains stained with fluorescent dye 
used to measure bioturbation activity (Mahaut and Graf, 1987; Hines et al., 1990).
Hines et al. (1990) assessed sediment disturbance of epibenthic predators using 
luminophores. First, luminophores were made by coating 80pm masonry sand with a 
polyurethane resin stained with rhodamine dye. Layers of luminophores were added to 
experimental treatments, and then sediment cores were collected, bisected longitudinally, 
and photographed under an ultraviolet light to observe burial depths of the fluorescent 
particles. A fine grid was layered over images and the number of squares containing 
luminophores was recorded for depth intervals of ~ 1.0 cm below sediment surface (Hines 
et al, 1990). The presence and extent of bioturbation were quantified by the downward 
displacement of luminophores in the core.
Detailed methods for creating luminophores are poorly documented, and many 
studies often purchased commercially produced luminophores from companies such as 
Partac (F. Mermillod-Blondin, personal communication; O. Maire, personal 
communication), or are protected by patent (Mahaut and Graf, 1987). For this 
experiment, sand from Gloucester Point beach was collected, sieved to remove particles 
>1.0mm, and placed in a large plastic bin to a depth of 3cm. The sand was coated with a 
thin layer of fluorescent green spray paint, then the whole container was shaken from 
side-to-side to mix the sand, and another layer of paint was applied. After 5-6
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applications of paint, sand was allowed to air dry for a few hours before more paint was 
applied. Once the sand was sufficiently coated with paint, the luminophores were rinsed, 
put into cloth bags, and submerged in bins receiving a constant exchange of flowing 
water for 24 to 48 hours—this was to allow any potential toxins to leach out of the 
luminophores before their use in the field experiment. Luminophores were then dried in 
a drying oven (60°C). Luminophores were added to one of the C. fluminea holding tanks 
to assess organism response and ensure no lethal impacts. The clams actively burrowed 
in the sand and mixed the luminophore layer deeper, and no mortality was observed 
during the four-week holding period.
Since my experimental sites had sediments largely composed of fine sands and 
mud, a 2-3cm thick layer (Hines et al., 1990) of luminophores would create an artificial 
substrate that did not match ambient conditions and may influence organism settlement. 
Instead, it was determined that a very thin layer of luminophores (~50g) would cover 
most of an experimental plot surface area, and would integrate with natural grain size 
composition. When preparing small jars of luminophores for application in the field, it 
was observed that luminophores exposed to air before adding to the plots would attach to 
small air bubbles, cluster together, and sometimes float to the surface. This was 
counteracted by filling jars with luminophores underwater to prevent any bubbles, and in 
the field the jars were only opened when submerged above a plot. This method, however, 
would not prevent luminophores from exposure during extremely low tide conditions.
Furthermore, the sediment surface was not uniformly flat in all plots and had 
many small depressions or pits in the soft sediments. This uneven terrain was attributed 
to the removal of large debris before tarp installation, placement of concrete blocks on
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the tarp, and accidently footprints from volunteers. The high variability in the sediment 
surface combined with only a thin layer of luminophores created a large amount of 
uncertainty, since luminophores added to a depression that was later filled in by natural 
deposition could be mistaken as bioturbation. If luminophore techniques are used in 
future studies, experimental plot areas should have a relatively level surface and a thicker 
layer of luminophores should be used. Additional dyeing methods, such as polyurethane 
resin stained with rhodamine dye (Hines et al., 1990), should be investigated to prevent 
floating or clumping particles.
Cores were collected in the field (9.0cm diameter x 10-20cm deep, depending on 
substrate) and excess water was siphoned from the top of the cores to prevent 
resuspension during transport. The core tubes were capped, sealed with electrical tape, 
stored upright in a cooler and transferred to a cold storage room to minimize degradation 
of organic matter until the samples can be processed. Due to unstable sediments, intact 
cores could not be collected in 16 of the treatment plots (22.2%). This was especially 
problematic at the Reservation site, due to high gravel content.
Cores were extruded horizontally into a long tray made from core tube cut in half 
longitudinally. Cores were to be bisected longitudinally using a thin knife, however it 
was suggested that a negative electrical current be run through the knife to repel clay 
particles, which are negatively-charged, and thus minimize artifacts created by dragging 
the knife (RJ Diaz and LC Schaffner, personal communication). An overview of 
methods for “electro-osmotic core cutting” are discussed in Chmelik (1967), but many 
weeks of trial and error proved unsuccessful in producing an electrical current strong 
enough to repel clay particles. Perhaps these methods are better suited for estuarine and
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marine cores, as the presence of anions in more saline waters would facilitate conduction 
through the core. In the end, cores were sliced without an electrical current and very little 
sediment attached to the knife, indicating minimal drag.
The main problem with core processing was the high mud content in many of the 
samples, which caused 18 of the cores to be destroyed during extruding since the 
sediments were too soft. This resulted in only properly sliced cores from 52.8% of the 72 
total treatment plots. If repeated, cores should be frozen for a few hours before 
processing to make the mud more solid. Once cores were successfully extruded and 
bisected, a ruler was added for scale and photographs were taken under an ultraviolet 
light using a high-resolution Canon EOS Rebel T3i digital camera in RAW format.
Hines et al. (1990) observed that inserting core tubes into the sediments occasionally 
caused artifacts by dragging luminophores deeper along the sides of the tubes. For my 
analysis, luminophores within 1.0cm of inner core walls were to be ignored to account for 
potential artifacts.
In total, only 52.8% of the plots had cores that were suitably sliced and 
photographed. Due to the multiple sources of error encountered during this process, it 
was decided that the luminophore photographs would not be analyzed for this thesis. 
Using luminophores as a proxy for bioturbation could be a very useful tool, however the 
lack of detailed methodology in the literature and the highly variable conditions of field 
experiments suggest that future studies conduct pilot experiments to test methodology, 
and perhaps its use should be limited to controlled laboratory experiments.
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Table 1. Comparison of water quality, sediment composition, and Corbicula recovery at 
experimental sites: Locust Grove (LOC), Mantua (MAN), Elsing Green (ELG), and 
Pamunkey Indian Reservation (REZ). Sediment composition reported as mean (± 
standard error) for n = 5. Tagged Corbicula removed from plots at the end of the 
experiment reported as proportion alive or dead.
Mattaponi River Pamunkey River
Site LOC MAN ELG REZ
Date Sampled 09/11/12 09/12/12 09/07/12 09/10/12
Latitude 37.72047 37.69709 37.59344 37.57632
Longitude -77.00851 -76.97269 -77.04369 -76.99277
Water Quality
Temp (°C) 26.02 25.93 25.71 26.57
Salinity 0.14 0.18 0.19 0.64
pH 7.05 7.53 7.24 8.51
DO (%) 90.40 111.30 68.60 121.30
Chl-a (ug/L) 5.10 4.30 4.50 6.30
Turbidity (NTU) 25.80 2.50 5.70 12.70
Sediment Composition
% Sand 60.99 (3.33) 79.91 (1.84) 74.40 (1.28) 65.13 (9.92)
% Gravel 3.70(1.22) 7.73 (1.84) 5.55 (1.17) 28.97(10.42)
% Mud 35.31 (4.25) 12.37 (1.57) 20.05 (1.27) 5.90 (0.54)
Corbicula Recovery
% Recovered 52.5 60.1 34.3 39.4
Condition o f Recovered 
Corbicula
% Alive 82.7 84.9 72.1 7.7
% Dead 17.3 15.1 27.9 92.3
97
Table 2. Tidal freshwater taxa collected at experimental sites, identified to lowest 
practical taxonomic level. Dominant functional feeding groups are: collector-gatherer 
(CG), collector-filterer (CF), collector-gatherer-filterer (CGF), predator (PR), piercer- 
herbivore (PH), shredder (SH), scraper (SC), and unknown (~). Feeding groups assigned 
from Mood (2004), Peckarsky et al. (1990), Pennak (1978), and Wiggins (1977). 
*Anisoptera genera combined for analysis, due to their rarity and that further 
identification was performed after data analysis was complete.
Phylum
Class
Order/Suborder
Family
Genus Species
Common Name
Epifaunal
or
Infaunal
Feeding
Groups
Annelida
Oligochaeta Oligochaete Infaunal CG
Arthropoda
Insecta
Coleoptera
Elmidae
Stenelmis sp. Riffle Beetle Epifaunal CG, SH
Diptera
Chaoboridae
Chaoborus sp. Phantom Midge Epifaunal PR
Ceratopogonidae Biting Midge Epifaunal PR
Chironominae Non-Biting Midge Epifaunal CG
Orthocladiinae Non-Biting Midge Epifaunal CG
Tanypodinae Non-Biting Midge Epifaunal PR
Muscidae House Fly / Stable Fly Epifaunal PR
Ephemeroptera
Ephemeridae
Hexagenia sp. Common Burrower Mayfly Infaunal CG
Caenidae
Caenis sp. Small Squaregilled Mayfly Epifaunal CG
Baetidae
Centroptilum sp. Small Minnow Mayfly Epifaunal CG, SH
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Table 2. (Continued)
Phylum
Class
Order/Suborder Common Name
Epifaunal
or Feeding
Family Infaunal
Groups
Genus Species
Arthropoda
Insecta
Megaloptera
Sialidae
Sialis sp. Alderfly Epifaunal / Infaunal PR
Corydalidae Fishfly / Dobsonfly Epifaunal PR
Odonata / Anisoptera*
Corduliidae
Epitheca princeps Prince Baskettail Dragonfly Epifaunal PR
Somatochlora sp. Emerald Dragonfly Epifaunal PR
Gomphidae
Stylurus sp. Hanging Clubtail Dragonfly
Epifaunal 
/ Infaunal PR
Odonata / Zygoptera
Coenagrionidae
Enallagma sp. Bluet Damselfly Epifaunal PR
Trichoptera
Leptoceridae Long-homed Caddisfly Epifaunal CG, PR
Hydroptilidae
Orthotrichia sp. Micro-caddisfly Epifaunal PH, SC
Oxyethira sp. Micro-caddisfly Epifaunal PH, SC
Malacostraca
Amphipoda
Gammaridae
Gammarus fasciatus Amphipod / Scud Epifaunal CG
Decapoda
Palaemonidae
Palaemonetes pugio Daggerblade Grass Shrimp Epifaunal CG
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Table 2. (Continued)
Phylum
Class
Order/Suborder
Family
Genus Species
Common Name
Epifaunal
or
Infaunal
Feeding
Groups
Arthropoda
Malacostraca
Decapoda
Panopeidae
Rhithropanopeus harrisii Estuarine Mud Crab Epifaunal CG
Isopoda
Anthuridae
Cyathura polita Isopod Epifaunal CG
Mollusca
Bivalvia
Veneroida / Sphaeriacea
Corbiculidae
Corbicula fluminea Asian Clam Infaunal CGF
Sphaeriidae
Pisidium sp. Pea Clam Infaunal CF
Sphaerium sp. Fingernail Clam Infaunal CF
Veneroida
Mactridae
Rangia cuneata Atlantic Rangia Infaunal CF
Gastropoda
Ancylidae
Ferrissia sp. Limpet Epifaunal SC
Planorbidae
Unknown Gastropod A Gastropoda A Epifaunal SC
Hydrobiidae
Unknown Gastropod B Gastropoda B Epifaunal SC
Unknown Gastropod E Gastropoda E Epifaunal SC
Platyhelminthes Flatworm Epifaunal CG
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Table 3. Dominant taxa composition. Based on percent of total macrofauna abundance 
collected at each site. Only top five dominant taxa are listed, dashes indicate taxonomic 
groups that were not dominant at a site, bold indicates the single most dominant taxon at 
a site. Sites include Mantua = MAN, Elsing Green = ELG, Locust Grove = LOC, and 
Pamunkey Indian Reservation (REZ).
Taxonomic Group MAN ELG LOC REZ
Bivalvia - - 7.51 % -
Diptera 33.95 % 18.92% 45.25 % 16.50%
Ephemeroptera 18.30% 11.61 % 7.06 % 15.73 %
Gastropoda 9.28 % 11.40% - 27.18 %
Oligochaete 9.02 % 32.90% 12.80 % 24.66 %
Trichoptera 14.59 % 10.97 % 16.56% 9.13 %
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Table 5. Comparison of abundance and species richness between experimental sites and 
adjacent benthic survey sites. Experimental sites include: Locust Grove (LOC), Mantua 
(MAN), Elsing Green (ELG), and Pamunkey Indian Reservation (REZ). For each 
experimental site, the three closest benthic survey site locations (a) for 2012 (Chapter 1) 
were selected to compare macrofauna recolonization within the experimental area to 
nearby unmanipulated habitat. Mean macrofauna density (irG) and total species richness 
(per experimental site or combination of survey sites) does not include C. fluminea (b). 
Data source: J. Dreyer unpublished data, VIMS (2013).
a)
Latitude Longitude
MAN 
MTP 2-7 
MTP 2-8 
MTP 2-9
37.72247
37.72283
37.71240
-77.02219
-77.01086
-77.00442
LOC 
MTP 3-3 
MTP 3-4 
MTP 3-5
37.70132
37.69765
37.68819
-76.97471
-76.97100
-76.96101
ELG 
PMK 3-2 
PMK 3-3 
PMK 3-4
37.59742
37.59275
37.58344
-77.05348
-77.04364
-77.02593
REZ 
PMK 4-1 
PMK 4-2 
PMK 4-3
37.56278
37.56995
37.58566
-76.98545
-76.97947
-76.98141
b)
Experimental Area Adjacent Survey Sites
Mean
Macrofaunal
2Density (m‘ )
Total
Species
Richness
Mean 
Macrofaunal 
Density (m~2)
Total
Species
Richness
MAN 3,215 22 1,962 14
LOC 3,804 23 2,626 18
ELG 3,974 24 3,390 13
REZ 4,599 21 2,352 13
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Figure 2. Treatment combinations for field experiment. Example layout of random plot 
assignment used at Mantua site. Spatial relationships are not to scale, as each plot (0.3m x 
0.3m) was spaced 0.6m apart.
Treatment Legend:
Live C. flum inea
Empty shells
No Additions 
(Control) □
. . . . . . .
Fence
No Fence 
(Control)
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Figure 3. nMDS plot of species composition by site. Mantua = MAN, Reservation = 
REZ, Elsing Green = ELG, and Locust Grove = LOC.
[Resemblance: S17 Bray Curtis similarity
Site
A MAN 
▼ REZ 
■ ELG 
♦  LOC
2D Stress 0 22
♦ ♦
♦  ♦  ♦
▼ T
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Figure 4. Mantua (MAN) macrofauna abundance per core (0.006m'2), species richness,
and Shannon Diversity (H’) response to Corbicula treatments.
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Figure 5. Locust Grove (LOC) macrofauna abundance per core (0.006m'2), species
richness, and Shannon Diversity (H’) response to Corbicula treatments.
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Figure 6. Elsing Green (ELG) macrofauna abundance per core (0.006m' ), species
richness, and Shannon Diversity (H’) response to Corbicula treatments.
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Figure 7. Community composition by larger taxonomic groups for each site. Elsing 
Green = ELG, Locust Grove = LOC, and Mantua = MAN.
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Figure 8. Community composition to lowest possible taxonomic level for each site. 
Elsing Green = ELG, Locust Grove = LOC, and Mantua = MAN.
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Appendix 5. Mattaponi River 2011 survey Corbicula fluminea (0.023m" ), reported as
juvenile clams (SL < 5.99 mm) and adults (SL > 6.00 mm), and sediment composition.
Site Corbicula fluminea Sediment Composition
Juvenile Adult % Sand % Gravel % Mud % Organic
MTP1.01 4 1 98.61 0.00 1.39 0.36
MTP1.02 17 4 99.36 0.21 0.42 0.28
MTP1.03 1 2 97.26 2.32 0.42 0.21
MTP1.04 25 9 93.17 3.88 2.95 0.53
MTP1.05 0 3 28.39 65.95 5.66 1.91
MTP1.06 3 0 99.21 0.00 0.79 0.27
MTP1.07 36 0 87.27 12.13 0.60 0.99
MTP1.08 0 1 66.45 0.00 33.55 7.08
MTP1.09 18 1 92.16 0.13 7.72 0.91
MTP1.10 2 0 57.46 0.00 42.54 7.99
MTP2.01 36 1 93.85 0.00 6.15 1.30
MTP2.02 20 0 98.00 0.61 1.39 1.08
MTP2.03 43 0 91.51 7.09 1.40 1.88
MTP2.04 1 2 69.32 2.73 27.94 5.36
MTP2.05 15 2 80.40 0.39 19.21 3.10
MTP2.06 16 1 44.67 1.33 54.01 18.79
MTP2.07 38 1 93.47 3.87 2.66 1.32
MTP2.08 68 3 91.78 5.22 3.00 0.56
MTP2.09 17 2 92.32 0.19 7.49 1.44
MTP2.10 3 0 45.55 0.40 54.05 10.37
MTP3.01 72 0 97.04 0.31 2.65 0.94
MTP3.02 35 4 86.31 12.26 1.43 0.74
MTP3.03 4 0 25.73 0.00 74.27 13.79
MTP3.04 22 0 95.92 0.00 4.08 1.55
MTP3.05 24 0 97.00 0.34 2.66 0.53
MTP3.06 3 0 98.77 0.07 1.16 0.95
MTP3.07 14 0 91.75 3.91 4.34 0.96
MTP3.08 6 0 96.57 1.82 1.61 0.56
MTP3.09 0 0 84.90 0.00 15.10 2.25
MTP3.10 5 1 51.30 0.83 47.87 14.09
MTP4.01 9 0 88.81 5.08 6.11 0.87
MTP4.02 3 0 43.99 0.00 56.01 10.52
MTP4.03 0 0 45.53 0.00 54.47 12.59
MTP4.04 2 0 51.03 0.00 48.97 4.16
MTP4.05 0 0 97.59 0.00 2.41 1.12
MTP4.06 3 0 95.66 0.13 4.21 1.51
MTP4.07 6 0 92.24 3.61 4.15 0.70
MTP4.08 1 0 11.92 0.00 88.08 13.19
MTP4.09 0 0 88.44 0.27 11.28 2.06
MTP4.10 0 0 38.12 53.53 8.35 1.73
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Appendix 6. Mattaponi River 2012 survey Corbicula fluminea (0.023m"2), reported as
juvenile clams (SL < 5.99 mm) and adults (SL > 6.00 mm), and sediment composition.
Site Corbicula fluminea Sediment Composition
Juvenile Adult % Sand % Gravel % Mud % Organic
MTP1.01 2 8 99.12 0.55 0.33 0.09
MTP1.02 12 13 97.91 1.16 0.93 0.32
MTP1.03 3 7 98.69 1.00 0.31 0.14
MTP1.04 6 13 99.41 0.20 0.39 0.14
MTP1.05 5 2 96.59 0.00 3.41 0.75
MTP1.06 2 1 99.64 0.00 0.36 0.12
MTP1.07 7 0 98.16 0.00 1.84 0.44
MTP1.08 6 8 89.80 0.00 10.20 2.01
MTP1.09 26 5 83.25 0.00 16.75 2.80
MTP1.10 21 4 88.17 0.00 11.83 1.58
MTP2.01 4 4 96.78 2.16 1.06 0.21
MTP2.02 0 0 96.61 2.06 1.33 0.41
MTP2.03 11 6 99.37 0.00 0.63 0.16
MTP2.04 3 0 72.19 1.30 26.51 3.63
MTP2.05 2 6 74.97 0.00 25.03 3.77
MTP2.06 12 1 25.96 0.00 74.04 15.31
MTP2.07 9 9 86.76 1.44 11.80 1.76
MTP2.08 15 24 92.72 1.73 5.55 2.03
MTP2.09 26 3 96.08 2.24 1.68 1.23
MTP2.10 5 0 45.42 0.00 54.58 10.73
MTP3.01 6 1 97.61 1.04 1.35 0.72
MTP3.02 6 7 95.55 3.59 0.86 0.63
MTP3.03 2 1 4.93 0.00 95.07 13.43
MTP3.04 6 0 66.00 0.00 34.00 4.54
MTP3.05 6 1 68.68 29.81 1.51 0.33
MTP3.06 4 3 88.57 0.86 10.57 1.58
MTP3.07 11 0 91.45 4.88 3.67 0.70
MTP3.08 2 1 99.24 0.00 0.76 1.43
MTP3.09 6 2 86.69 0.72 12.59 1.98
MTP3.10 1 0 37.89 0.00 62.11 12.86
MTP4.01 4 3 93.15 2.20 4.65 1.02
MTP4.02 0 2 60.57 0.06 39.37 7.72
MTP4.03 0 0 56.28 0.47 43.25 12.77
MTP4.04 2 2 47.54 0.00 52.46 3.99
MTP4.05 0 0 78.13 0.00 21.87 4.71
MTP4.06 3 0 93.74 2.79 3.47 0.77
MTP4.07 4 0 34.71 0.00 65.29 9.23
MTP4.08 1 0 33.72 0.49 65.79 13.03
MTP4.09 0 0 83.52 0.00 16.48 2.14
MTP4.10 0 1 39.81 47.81 12.38 3.37
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Appendix 7. Pamunkey River 2011 survey Corbicula fluminea (0.023m'2), reported as
juvenile clams (SL < 5.99 mm) and adults (SL > 6.00 mm), and sediment composition.
Site Corbicula fluminea Sediment Composition
Juvenile Adult % Sand % Gravel % Mud % Organic
PMK1.01 124 2 97.13 0.17 2.70 0.38
PMK1.02 159 0 97.88 1.05 1.07 0.28
PMK1.03 51 0 94.75 1.38 3.86 0.59
PMK1.04 4 0 27.31 0.00 72.69 12.13
PMK1.05 25 0 93.03 0.15 6.82 0.92
PMK1.06 96 0 98.23 0.08 1.69 0.32
PMK1.07 137 0 99.18 0.15 0.67 0.23
PMK1.08 113 0 97.93 0.73 1.35 0.41
PMK1.09 131 0 95.31 1.73 2.96 0.51
PMK1.10 12 0 91.55 0.00 8.45 1.30
PMK2.01 38 0 47.98 51.11 0.90 0.35
PMK2.02 5 1 62.16 0.00 37.84 12.19
PMK2.03 25 0 93.16 2.78 4.06 1.06
PMK2.04 71 1 97.01 0.14 2.85 0.65
PMK2.05 33 1 95.03 2.77 2.20 0.63
PMK2.06 32 1 90.75 6.12 3.14 0.85
PMK2.07 18 0 95.50 0.00 4.50 2.22
PMK2.08 28 14 63.17 35.06 1.77 0.74
PMK2.09 31 7 84.66 0.15 15.19 3.07
PMK2.10 16 11 89.76 0.00 10.24 2.65
PMK3.01 50 0 72.28 0.00 27.72 7.84
PMK3.02 4 0 34.43 0.70 64.87 10.89
PMK3.03 31 0 94.87 0.00 5.13 1.57
PMK3.04 3 0 12.36 0.00 87.64 11.75
PMK3.05 9 0 72.64 0.00 27.36 4.61
PMK3.06 16 0 88.62 3.07 8.30 1.42
PMK3.07 2 0 77.52 0.29 22.18 4.33
PMK3.08 7 0 95.52 0.24 4.24 1.57
PMK3.09 1 0 52.73 0.00 47.27 10.71
PMK3.10 1 0 62.22 0.00 37.78 8.17
PMK4.01 0 0 28.55 0.00 71.45 12.67
PMK4.02 1 0 25.65 0.00 74.35 10.90
PMK4.03 1 0 57.96 0.28 41.76 6.00
PMK4.04 0 0 45.01 0.00 54.99 7.40
PMK4.05 7 0 2.07 97.20 0.73 0.14
PMK4.06 1 0 10.33 0.00 89.67 11.48
PMK4.07 12 0 70.13 28.96 0.91 0.53
PMK4.08 2 0 77.68 18.07 4.25 0.94
PMK4.09 3 0 97.88 0.00 2.12 0.44
PMK4.10 3 0 48.59 48.67 2.74 0.62
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Appendix 8. Pamunkey River 2012 survey Corbicula fluminea (0.023m' ), reported as
juvenile clams (SL < 5.99 mm) and adults (SL > 6.00 mm), and sediment composition.
Site Corbicula fluminea Sediment Composition
Juvenile Adult % Sand % Gravel % Mud % Organic
PMK1.01 21 0 97.71 0.59 1.70 0.61
PMK1.02 35 0 96.57 2.06 1.37 0.26
PMK1.03 12 0 95.76 0.08 4.16 0.75
PMK1.04 46 1 97.29 1.19 1.52 1.83
PMK1.05 33 0 94.47 1.43 4.11 0.98
PMK1.06 37 1 95.05 1.16 3.79 0.57
PMK1.07 55 0 97.65 0.55 1.81 0.66
PMK1.08 43 0 98.57 0.00 1.43 0.27
PMK1.09 45 1 97.64 1.00 1.36 0.32
PMK1.10 38 1 99.23 0.00 0.77 0.32
PMK2.01 37 1 0.02 99.98 0.00 0.15
PMK2.02 12 2 98.38 0.00 1.62 0.85
PMK2.03 21 0 93.97 3.15 2.88 0.51
PMK2.04 43 1 97.84 0.76 1.39 0.74
PMK2.05 58 3 95.71 2.83 1.46 0.30
PMK2.06 24 2 84.06 13.51 2.42 0.68
PMK2.07 12 1 72.73 0.00 27.27 5.17
PMK2.08 2 2 32.97 66.01 1.02 0.60
PMK2.09 13 1 74.36 0.08 25.56 4.45
PMK2.10 5 2 95.71 0.00 4.29 1.51
PMK3.01 13 5 77.04 1.18 21.78 3.23
PMK3.02 8 12 78.69 0.00 21.31 3.33
PMK3.03 48 4 91.30 6.94 1.76 0.58
PMK3.04 3 0 16.91 0.00 83.09 12.06
PMK3.05 4 0 94.12 0.00 5.88 1.69
PMK3.06 8 0 91.73 1.68 6.60 1.66
PMK3.07 1 0 79.74 0.00 20.26 4.61
PMK3.08 27 1 95.24 0.00 4.76 1.44
PMK3.09 2 0 52.28 0.00 47.72 29.63
PMK3.10 8 0 74.35 0.00 25.65 6.85
PMK4.01 0 0 18.58 0.00 81.42 11.97
PMK4.02 0 1 50.87 0.00 49.13 8.40
PMK4.03 0 0 60.12 0.00 39.88 5.04
PMK4.04 1 0 44.15 0.00 55.85 6.66
PMK4.05 1 0 72.76 0.00 27.24 3.93
PMK4.06 1 0 31.61 0.00 68.39 11.91
PMK4.07 0 0 35.98 55.56 8.45 4.96
PMK4.08 6 0 99.00 0.00 1.00 0.23
PMK4.09 0 0 99.10 0.00 0.90 0.27
PMK4.10 1 5 35.89 62.19 1.92 0.45
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Appendix 9. C. fluminea size data for Mattaponi River 2011 survey. Shell length (mm) 
measured anterior to posterior, shell width (mm) measured dorsal to ventral.
Site Clam#
Length
(mm)
Width
(mm)
MTP1.01 1 6.45 5.26
MTP1.01 2 0.76 0.52
MTP1.01 3 0.63 0.56
MTP1.01 4 0.78 0.69
MTP1.01 5 0.78 0.67
MTP1.02 1 18.74 16.77
MTP1.02 2 13.59 12.44
MTP1.02 3 7.95 6.07
MTP1.02 4 5.37 4.13
MTP1.02 5 4.55 3.36
MTP1.02 6 4.89 3.45
MTP1.02 7 6.00 4.48
MTP1.02 8 5.39 3.71
MTP1.02 9 1.88 1.33
MTP1.02 10 0.71 0.60
MTP1.02 11 0.91 0.77
MTP1.02 12 0.67 0.55
MTP1.02 13 0.72 0.67
MTP1.02 14 0.80 0.71
MTP1.02 15 0.78 0.60
MTP1.02 16 0.76 0.65
MTP1.02 17 0.72 0.65
MTP1.02 18 0.73 0.63
MTP1.02 19 0.57 0.46
MTP1.02 20 0.70 0.60
MTP1.02 21 0.68 0.60
MTP1.03 1 16.53 15.62
MTP1.03 2 17.22 16.33
MTP1.03 3 0.55 0.44
MTP1.04 1 14.50 12.88
MTP1.04 2 12.96 11.61
MTP1.04 3 13.56 12.13
MTP1.04 4 11.64 10.39
MTP1.04 5 8.47 7.04
MTP1.04 6 6.94 5.59
MTP1.04 7 6.13 4.85
MTP1.04 8 6.29 4.81
MTP1.04 9 6.02 4.59
MTP1.04 10 5.40 4.08
MTP1.04 11 5.07 3.65
MTP1.04 12 5.60 4.28
MTP1.04 13 5.00 3.40
MTP1.04 14 3.29 2.37
MTP1.04 15 1.05 0.84
MTP1.04 16 0.83 0.73
Site Clam#
Length
(mm)
Width
(mm)
MTP1.04 17 0.81 0.70
MTP1.04 18 0.68 0.55
MTP1.04 19 0.88 0.80
MTP1.04 20 0.73 0.59
MTP1.04 21 0.66 0.52
MTP1.04 22 0.59 0.49
MTP1.04 23 0.78 0.61
MTP1.04 24 0.65 0.58
MTP1.04 25 0.83 0.66
MTP1.04 26 0.72 0.55
MTP1.04 27 0.74 0.53
MTP1.04 28 0.66 0.54
MTP1.04 29 0.58 0.47
MTP1.04 30 0.62 0.51
MTP1.04 31 0.64 0.55
MTP1.04 32 0.60 0.53
MTP1.04 33 0.64 0.57
MTP1.04 34 0.65 0.50
MTP1.05 1 15.23 13.91
MTP1.05 2 10.60 9.25
MTP1.05 3 7.78 5.99
MTP1.06 1 2.44 1.93
MTP1.06 2 0.97 0.81
MTP1.06 3 1.07 0.86
MTP1.07 1 3.39 2.58
MTP1.07 2 3.79 2.88
MTP1.07 3 2.78 2.15
MTP1.07 4 3.29 2.51
MTP1.07 5 3.03 2.31
MTP1.07 6 3.18 2.43
MTP1.07 7 3.77 2.93
MTP1.07 8 2.87 2.19
MTP1.07 9 3.3 2.48
MTP1.07 10 3.43 2.53
MTP1.07 11 2.33 1.83
MTP1.07 12 1.9 1.57
MTP1.07 13 4.49 3.35
MTP1.07 14 2.92 2.28
MTP1.07 15 1.25 1.01
MTP1.07 16 2.25 1.78
MTP1.07 17 1.86 1.44
MTP1.07 18 1.94 1.51
MTP1.07 19 1.86 1.52
MTP1.07 20 1.98 1.56
MTP1.07 21 1.29 1.06
Site Clam#
Length
(mm)
Width
(mm)
MTP1.07 22 1.08 0.8
MTP1.07 23 1.14 0.91
MTP1.07 24 1.36 1.12
MTP1.07 25 1.13 0.92
MTP1.07 26 1.25 1.02
MTP1.07 27 0.89 0.73
MTP1.07 28 0.85 0.67
MTP1.07 29 0.79 0.7
MTP1.07 30 0.79 0.68
MTP1.07 31 0.78 0.68
MTP1.07 32 1.31 1.1
MTP1.07 33 0.72 0.69
MTP1.07 34 1.03 0.88
MTP1.07 35 0.74 0.66
MTP1.07 36 1.45 1.26
MTP1.08 1 7.30 6.03
MTP1.09 1 10.03 8.26
MTP1.09 2 1.21 1.02
MTP1.09 3 1.10 0.79
MTP1.09 4 1.12 0.92
MTP1.09 5 1.20 1.00
MTP1.09 6 0.85 0.66
MTP1.09 7 1.20 0.98
MTP1.09 8 0.80 0.69
MTP1.09 9 0.79 0.74
MTP1.09 10 1.00 0.88
MTP1.09 11 0.76 0.66
MTP1.09 12 0.96 0.86
MTP1.09 13 0.66 0.69
MTP1.09 14 1.48 1.24
MTP1.09 15 1.29 1.19
MTP1.09 16 1.74 1.31
MTP1.09 17 1.48 1.17
MTP1.09 18 1.26 1.06
MTP1.09 19 1.33 1.04
MTP1.10 1 1.19 0.96
MTP1.10 2 0.82 0.69
MTP2.01 1 21.75 19.59
MTP2.01 2 0.95 0.80
MTP2.01 3 0.56 0.68
MTP2.01 4 0.55 0.49
MTP2.01 5 0.63 0.56
MTP2.01 6 0.79 0.62
MTP2.01 7 0.86 0.71
MTP2.01 8 0.70 0.61
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Site Clam#
Length
(mm)
Width
(mm)
MTP2.01 9 1.19 1.01
MTP2.01 10 0.91 0.71
MTP2.01 11 1.05 0.89
MTP2.01 12 1.04 0.82
MTP2.01 13 1.01 0.99
MTP2.01 14 0.72 0.63
MTP2.01 15 0.87 0.73
MTP2.01 16 0.92 0.69
MTP2.01 17 0.83 0.70
MTP2.01 18 0.82 0.66
MTP2.01 19 0.69 0.55
MTP2.01 20 0.80 0.66
MTP2.01 21 0.76 0.70
MTP2.01 22 1.11 0.81
MTP2.01 23 1.07 0.90
MTP2.01 24 0.74 0.68
MTP2.01 25 0.95 0.78
MTP2.01 26 4.79 3.48
MTP2.01 27 1.88 1.41
MTP2.01 28 1.85 1.47
MTP2.01 29 1.82 1.45
MTP2.01 30 1.64 1.38
MTP2.01 31 1.33 1.14
MTP2.01 32 0.97 0.86
MTP2.01 33 1.00 0.88
MTP2.01 34 1.96 1.66
MTP2.01 35 1.23 1.02
MTP2.01 36 1.26 1.06
MTP2.01 37 1.23 0.98
MTP2.02 1 1.54 1.24
MTP2.02 2 1.43 1.15
MTP2.02 3 1.51 1.26
MTP2.02 4 1.20 0.96
MTP2.02 5 1.31 1.06
MTP2.02 6 1.07 0.85
MTP2.02 7 1.30 1.07
MTP2.02 8 1.44 1.21
MTP2.02 9 0.97 0.87
MTP2.02 10 0.88 0.75
MTP2.02 11 0.96 0.83
MTP2.02 12 0.93 0.77
MTP2.02 13 0.88 0.78
MTP2.02 14 0.66 0.55
MTP2.02 15 0.86 0.75
MTP2.02 16 0.71 0.62
Site
Clam
#
Length
(mm)
Width
(mm)
MTP2.02 17 0.75 0.66
MTP2.02 18 0.90 0.75
MTP2.02 19 0.90 0.70
MTP2.02 20 0.98 0.82
MTP2.03 1 2.86 2.16
MTP2.03 2 1.56 1.23
MTP2.03 3 1.80 1.40
MTP2.03 4 1.78 1.43
MTP2.03 5 1.94 1.53
MTP2.03 6 1.65 1.33
MTP2.03 7 1.55 1.22
MTP2.03 8 2.30 1.77
MTP2.03 9 2.22 1.74
MTP2.03 10 1.98 1.54
MTP2.03 11 2.12 1.69
MTP2.03 12 2.33 1.75
MTP2.03 13 2.26 1.73
MTP2.03 14 1.93 1.53
MTP2.03 15 2.15 1.67
MTP2.03 16 2.25 1.76
MTP2.03 17 1.94 1.59
MTP2.03 18 1.96 1.58
MTP2.03 19 3.58 2.79
MTP2.03 20 2.26 1.73
MTP2.03 21 1.65 1.34
MTP2.03 22 2.48 1.99
MTP2.03 23 1.75 1.42
MTP2.03 24 1.40 1.15
MTP2.03 25 1.74 1.38
MTP2.03 26 1.20 0.98
MTP2.03 27 1.56 1.25
MTP2.03 28 1.50 1.22
MTP2.03 29 1.78 1.44
MTP2.03 30 1.16 0.92
MTP2.03 31 1.55 1.26
MTP2.03 32 0.90 0.72
MTP2.03 33 0.60 0.62
MTP2.03 34 0.72 0.59
MTP2.03 35 0.67 0.55
MTP2.03 36 0.92 0.76
MTP2.03 37 0.90 0.83
MTP2.03 38 0.87 0.79
MTP2.03 39 1.10 0.90
MTP2.03 40 1.12 0.94
MTP2.03 41 0.96 0.84
Site Clam#
Length
(mm)
Width
(mm)
MTP2.03 42 0.81 0.72
MTP2.03 43 0.86 0.83
MTP2.04 1 16.18 14.04
MTP2.04 2 10.64 9.19
MTP2.04 3 5.41 4.15
MTP2.05 1 11.59 9.79
MTP2.05 2 9.64 8.16
MTP2.05 3 4.88 3.85
MTP2.05 4 2.21 1.67
MTP2.05 5 3.19 2.49
MTP2.05 6 2.10 1.65
MTP2.05 7 1.73 1.37
MTP2.05 8 1.34 1.07
MTP2.05 9 1.00 0.86
MTP2.05 10 0.76 0.65
MTP2.05 11 0.77 0.68
MTP2.05 12 0.82 0.68
MTP2.05 13 0.74 0.63
MTP2.05 14 0.72 0.59
MTP2.05 15 0.87 0.73
MTP2.05 16 0.72 0.67
MTP2.05 17 0.86 0.70
MTP2.06 1 14.99 13.10
MTP2.06 2 2.16 1.68
MTP2.06 3 2.75 2.25
MTP2.06 4 2.38 1.86
MTP2.06 5 1.84 1.47
MTP2.06 6 1.88 1.53
MTP2.06 7 1.30 1.17
MTP2.06 8 1.90 1.48
MTP2.06 9 1.67 1.31
MTP2.06 10 2.26 1.80
MTP2.06 11 2.79 2.27
MTP2.06 12 1.28 1.08
MTP2.06 13 1.07 0.91
MTP2.06 14 1.09 0.85
MTP2.06 15 1.98 1.51
MTP2.06 16 1.52 1.23
MTP2.06 17 1.34 1.16
MTP2.07 1 14.81 13.04
MTP2.07 2 1.31 1.12
MTP2.07 3 1.78 1.41
MTP2.07 4 1.41 1.15
MTP2.07 5 1.24 1.05
MTP2.07 6 2.47 1.84
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Site Clam#
Length
(mm)
Width
(mm)
MTP2.07 7 1.93 1.45
MTP2.07 8 1.29 1.09
MTP2.07 9 1.41 1.11
MTP2.07 10 1.45 1.12
MTP2.07 11 1.61 1.30
MTP2.07 12 1.89 1.40
MTP2.07 13 1.60 1.22
MTP2.07 14 1.86 1.47
MTP2.07 15 1.50 1.21
MTP2.07 16 1.51 1.20
MTP2.07 17 1.09 0.86
MTP2.07 18 1.26 1.03
MTP2.07 19 1.88 1.42
MTP2.07 20 1.19 0.98
MTP2.07 21 1.46 1.09
MTP2.07 22 0.89 0.71
MTP2.07 23 1.05 0.82
MTP2.07 24 0.92 0.80
MTP2.07 25 0.71 0.64
MTP2.07 26 1.16 0.93
MTP2.07 27 1.28 1.01
MTP2.07 28 0.99 0.80
MTP2.07 29 1.92 1.45
MTP2.07 30 1.18 0.96
MTP2.07 31 0.73 0.58
MTP2.07 32 1.10 0.86
MTP2.07 33 1.58 1.28
MTP2.07 34 0.76 0.69
MTP2.07 35 0.79 0.71
MTP2.07 36 1.93 1.46
MTP2.07 37 1.00 0.76
MTP2.07 38 0.76 0.70
MTP2.07 39 0.73 0.54
MTP2.08 1 19.79 18.38
MTP2.08 2 17.94 16.89
MTP2.08 3 13.52 12.02
MTP2.08 4 5.34 4.03
MTP2.08 5 5.26 4.14
MTP2.08 6 2.73 1.92
MTP2.08 7 2.65 2.06
MTP2.08 8 4.01 3.06
MTP2.08 9 2.02 1.54
MTP2.08 10 2.61 2.16
MTP2.08 11 3.07 2.33
MTP2.08 12 2.91 2.19
Site Clam#
Length
(mm)
Width
(mm)
MTP2.08 13 2.47 1.90
MTP2.08 14 2.38 1.89
MTP2.08 15 2.43 1.86
MTP2.08 16 2.39 1.85
MTP2.08 17 2.53 1.99
MTP2.08 18 2.65 2.02
MTP2.08 19 2.45 1.87
MTP2.08 20 2.49 1.94
MTP2.08 21 2.56 1.99
MTP2.08 22 2.20 1.66
MTP2.08 23 1.88 1.43
MTP2.08 24 2.02 1.63
MTP2.08 25 1.64 1.26
MTP2.08 26 2.14 1.66
MTP2.08 27 1.86 1.51
MTP2.08 28 2.26 1.76
MTP2.08 29 1.54 1.21
MTP2.08 30 2.22 1.76
MTP2.08 31 1.73 1.40
MTP2.08 32 1.77 1.43
MTP2.08 33 1.32 1.11
MTP2.08 34 1.36 1.12
MTP2.08 35 2.10 1.62
MTP2.08 36 2.15 1.66
MTP2.08 37 2.39 1.92
MTP2.08 38 2.37 1.80
MTP2.08 39 1.96 1.50
MTP2.08 40 2.24 1.75
MTP2.08 41 2.01 1.60
MTP2.08 42 1.83 1.48
MTP2.08 43 2.26 1.78
MTP2.08 44 2.50 1.98
MTP2.08 45 1.92 1.49
MTP2.08 46 1.77 1.36
MTP2.08 47 2.33 1.84
MTP2.08 48 1.73 1.27
MTP2.08 49 1.48 1.20
MTP2.08 50 1.49 1.23
MTP2.08 51 1.61 1.30
MTP2.08 52 1.42 1.19
MTP2.08 53 1.22 1.06
MTP2.08 54 1.64 1.32
MTP2.08 55 1.72 1.37
MTP2.08 56 2.18 1.73
MTP2.08 57 1.70 1.29
Site Clam#
Length
(mm)
Width
(mm)
MTP2.08 58 2.11 1.67
MTP2.08 59 2.10 1.71
MTP2.08 60 1.49 1.19
MTP2.08 61 0.99 0.91
MTP2.08 62 1.17 0.97
MTP2.08 63 1.33 1.06
MTP2.08 64 1.19 1.00
MTP2.08 65 0.89 0.74
MTP2.08 66 2.11 1.66
MTP2.08 67 2.44 1.96
MTP2.08 68 1.18 0.92
MTP2.08 69 0.73 0.63
MTP2.08 70 0.83 0.69
MTP2.08 71 0.88 0.72
MTP2.09 1 19.95 17.65
MTP2.09 2 10.70 9.04
MTP2.09 3 0.97 0.83
MTP2.09 4 0.92 0.78
MTP2.09 5 0.90 0.78
MTP2.09 6 0.90 0.76
MTP2.09 7 1.01 0.88
MTP2.09 8 0.95 0.84
MTP2.09 9 0.87 0.71
MTP2.09 10 0.97 0.80
MTP2.09 11 0.81 0.67
MTP2.09 12 0.95 0.79
MTP2.09 13 1.04 0.85
MTP2.09 14 0.88 0.76
MTP2.09 15 1.03 0.87
MTP2.09 16 1.15 0.97
MTP2.09 17 1.22 1.01
MTP2.09 18 0.91 0.77
MTP2.09 19 1.18 0.99
MTP2.10 1 2.22 1.73
MTP2.10 2 1.39 1.16
MTP2.10 3 0.80 0.69
MTP3.01 1 1.20 0.98
MTP3.01 2 0.94 0.76
MTP3.01 3 1.40 1.14
MTP3.01 4 0.92 0.75
MTP3.01 5 0.78 0.66
MTP3.01 6 1.01 0.86
MTP3.01 7 1.00 0.85
MTP3.01 8 0.73 0.67
MTP3.01 9 0.87 0.72
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Site Clam#
Length
(mm)
Width
(mm)
MTP3.01 10 0.98 0.82
MTP3.01 11 1.21 1.03
MTP3.01 12 1.47 1.23
MTP3.01 13 1.02 0.83
MTP3.01 14 0.98 0.85
MTP3.01 15 1.01 0.87
MTP3.01 16 0.79 0.63
MTP3.01 17 0.94 0.79
MTP3.01 18 1.18 0.96
MTP3.01 19 1.12 0.96
MTP3.01 20 0.82 0.72
MTP3.01 21 0.90 0.76
MTP3.01 22 1.03 0.93
MTP3.01 23 1.26 1.06
MTP3.01 24 0.83 0.70
MTP3.01 25 0.98 0.80
MTP3.01 26 0.75 0.64
MTP3.01 27 0.75 0.63
MTP3.01 28 1.09 0.88
MTP3.01 29 0.73 0.65
MTP3.01 30 0.72 0.66
MTP3.01 31 0.75 0.69
MTP3.01 32 0.83 0.69
MTP3.01 33 0.96 0.86
MTP3.01 34 0.79 0.65
MTP3.01 35 0.76 0.66
MTP3.01 36 0.84 0.68
MTP3.01 37 0.69 0.58
MTP3.01 38 0.93 0.83
MTP3.01 39 0.80 0.63
MTP3.01 40 1.11 0.95
MTP3.01 41 1.00 0.88
MTP3.01 42 0.99 0.82
MTP3.01 43 0.77 0.66
MTP3.01 44 1.54 1.26
MTP3.01 45 0.99 0.86
MTP3.01 46 0.98 0.83
MTP3.01 47 0.88 0.71
MTP3.01 48 1.16 0.94
MTP3.01 49 0.67 0.61
MTP3.01 50 0.75 0.63
MTP3.01 51 1.13 0.90
MTP3.01 52 0.95 0.83
MTP3.01 53 1.19 1.03
MTP3.01 54 1.05 0.89
Site Clam#
Length
(mm)
Width
(mm)
MTP3.01 55 1.20 0.99
MTP3.01 56 0.94 0.78
MTP3.01 57 0.97 0.80
MTP3.01 58 0.92 0.80
MTP3.01 59 0.74 0.66
MTP3.01 60 1.26 1.05
MTP3.01 61 1.46 1.20
MTP3.01 62 1.28 1.04
MTP3.01 63 1.39 1.18
MTP3.01 64 1.47 1.19
MTP3.01 65 1.43 1.19
MTP3.01 66 1.46 1.23
MTP3.01 67 1.60 1.30
MTP3.01 68 1.59 1.29
MTP3.01 69 1.26 1.04
MTP3.01 70 0.78 0.64
MTP3.01 71 1.72 1.41
MTP3.01 72 1.48 1.22
MTP3.02 1 21.47 19.83
MTP3.02 2 20.65 18.97
MTP3.02 3 19.97 18.13
MTP3.02 4 6.46 5.18
MTP3.02 5 1.45 1.19
MTP3.02 6 1.48 1.25
MTP3.02 7 1.44 1.19
MTP3.02 8 1.36 1.14
MTP3.02 9 1.48 1.18
MTP3.02 10 1.34 1.10
MTP3.02 11 1.50 1.25
MTP3.02 12 1.92 1.58
MTP3.02 13 1.43 1.15
MTP3.02 14 3.78 2.92
MTP3.02 15 1.05 0.90
MTP3.02 16 1.39 1.16
MTP3.02 17 0.89 0.81
MTP3.02 18 1.18 1.01
MTP3.02 19 0.99 0.85
MTP3.02 20 1.22 1.04
MTP3.02 21 1.18 1.00
MTP3.02 22 1.12 0.88
MTP3.02 23 1.37 1.13
MTP3.02 24 1.40 1.13
MTP3.02 25 1.41 1.24
MTP3.02 26 1.68 1.30
MTP3.02 27 0.95 0.78
Site Clam#
Length
(mm)
Width
(mm)
MTP3.02 28 0.58 0.47
MTP3.02 29 0.86 0.79
MTP3.02 30 0.78 0.65
MTP3.02 31 0.69 0.64
MTP3.02 32 0.79 0.74
MTP3.02 33 0.81 0.74
MTP3.02 34 0.90 0.74
MTP3.02 35 0.90 0.82
MTP3.02 36 0.73 0.58
MTP3.02 37 0.95 0.83
MTP3.02 38 0.93 0.80
MTP3.02 39 0.73 0.65
MTP3.03 1 1.02 0.84
MTP3.03 2 1.52 1.24
MTP3.03 3 0.93 0.79
MTP3.03 4 0.94 0.79
MTP3.04 1 1.48 1.29
MTP3.04 2 1.60 1.18
MTP3.04 3 1.22 1.07
MTP3.04 4 0.95 0.86
MTP3.04 5 1.40 1.20
MTP3.04 6 1.14 1.02
MTP3.04 7 1.23 1.00
MTP3.04 8 0.99 0.80
MTP3.04 9 1.21 1.02
MTP3.04 10 1.18 1.03
MTP3.04 11 1.18 0.98
MTP3.04 12 1.01 0.88
MTP3.04 13 0.84 0.72
MTP3.04 14 0.66 0.54
MTP3.04 15 0.77 0.69
MTP3.04 16 0.99 0.69
MTP3.04 17 0.92 0.78
MTP3.04 18 0.78 0.72
MTP3.04 19 0.82 0.72
MTP3.04 20 0.78 0.64
MTP3.04 21 0.75 0.69
MTP3.04 22 0.80 0.65
MTP3.05 1 2.68 2.03
MTP3.05 2 1.40 1.06
MTP3.05 3 1.81 1.45
MTP3.05 4 1.81 1.45
MTP3.05 5 2.30 1.60
MTP3.05 6 2.00 1.63
MTP3.05 7 2.51 2.01
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Site Clam#
Length
(mm)
Width
(mm)
MTP3.05 8 1.70 1.25
MTP3.05 9 2.29 1.74
MTP3.05 10 1.63 1.24
MTP3.05 11 1.12 0.89
MTP3.05 12 0.85 0.67
MTP3.05 13 0.82 0.67
MTP3.05 14 1.29 0.97
MTP3.05 15 0.72 0.59
MTP3.05 16 0.79 0.65
MTP3.05 17 1.01 0.85
MTP3.05 18 1.13 0.92
MTP3.05 19 1.08 0.87
MTP3.05 20 1.05 0.90
MTP3.05 21 1.20 1.00
MTP3.05 22 1.06 0.87
MTP3.05 23 1.33 1.01
MTP3.05 24 1.05 0.81
MTP3.06 1 0.78 0.62
MTP3.06 2 1.10 0.87
MTP3.06 3 1.32 0.99
MTP3.07 1 0.88 0.71
MTP3.07 2 0.90 0.75
MTP3.07 3 0.79 0.63
MTP3.07 4 0.78 0.66
MTP3.07 5 1.00 0.75
MTP3.07 6 1.10 0.91
MTP3.07 7 0.70 0.53
MTP3.07 8 0.92 0.71
MTP3.07 9 1.07 0.80
MTP3.07 10 0.80 0.69
MTP3.07 11 0.93 0.72
MTP3.07 12 0.97 0.84
MTP3.07 13 5.74 4.35
MTP3.07 14 0.75 0.62
MTP3.08 1 0.87 0.68
MTP3.08 2 0.81 0.68
MTP3.08 3 1.00 0.82
MTP3.08 4 1.16 0.94
MTP3.08 5 0.95 0.75
MTP3.08 6 0.80 0.67
MTP3.10 1 6.96 5.55
MTP3.10 2 0.92 0.70
MTP3.10 3 0.77 0.64
MTP3.10 4 1.16 0.84
MTP3.10 5 1.00 0.82
Site Clam#
Length
(mm)
Width
(mm)
MTP3.10 6 2.88 1.90
MTP4.01 1 1.02 0.90
MTP4.01 2 1.06 0.86
MTP4.01 3 0.85 0.69
MTP4.01 4 0.87 0.76
MTP4.01 5 1.16 0.97
MTP4.01 6 1.02 0.88
MTP4.01 7 0.80 0.62
MTP4.01 8 0.73 0.61
MTP4.01 9 0.87 0.72
MTP4.02 1 0.86 0.70
MTP4.02 2 0.77 0.64
MTP4.02 3 0.83 0.65
MTP4.04 1 3.06 2.41
MTP4.04 2 1.40 1.16
MTP4.06 1 0.82 0.72
MTP4.06 2 0.98 0.80
MTP4.06 3 0.94 0.75
MTP4.07 1 5.71 4.45
MTP4.07 2 4.84 3.77
MTP4.07 3 0.67 0.53
MTP4.07 4 0.78 0.68
MTP4.07 5 0.75 0.67
MTP4.07 6 0.80 0.67
MTP4.08 1 0.88 0.73
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Appendix 10. C. fluminea size data for Mattaponi River 2012 survey. Shell length (mm) 
measured anterior to posterior, shell width (mm) measured dorsal to ventral.
Site Clam#
Length
(mm)
Width
(mm)
MTP1.01 1 18.09 16.89
MTP1.01 2 12.38 10.72
MTP1.01 3 9.46 8.49
MTP1.01 4 9.07 7.81
MTP1.01 5 9.39 8.08
MTP1.01 6 9.35 8.14
MTP1.01 7 9.63 8.02
MTP1.01 8 7.26 6.99
MTP1.01 9 2.80 2.31
MTP1.01 10 1.32 1.12
MTP1.02 1 20.9 19.26
MTP1.02 2 18.24 16.8
MTP1.02 3 13.78 12.4
MTP1.02 4 12.05 10.9
MTP1.02 5 9.55 8.42
MTP1.02 6 9.76 8.52
MTP1.02 7 10.06 8.96
MTP1.02 8 9.87 8.91
MTP1.02 9 9.04 7.87
MTP1.02 10 9.14 8.06
MTP1.02 11 8.81 7.83
MTP1.02 12 8.88 7.62
MTP1.02 13 8.2 7.03
MTP1.02 14 4.28 3.38
MTP1.02 15 3.23 2.60
MTP1.02 16 2.40 2.07
MTP1.02 17 3.16 2.65
MTP1.02 18 1.92 1.56
MTP1.02 19 1.90 1.61
MTP1.02 20 2.11 1.77
MTP1.02 21 1.83 1.51
MTP1.02 22 1.58 1.32
MTP1.02 23 1.36 1.19
MTP1.02 24 1.55 1.36
MTP1.02 25 4.28 3.51
MTP1.03 1 17.24 16.18
MTP1.03 2 18.37 17.13
MTP1.03 3 18.39 16.95
MTP1.03 4 15.11 13.76
MTP1.03 5 10.20 8.98
MTP1.03 6 9.64 8.49
MTP1.03 7 8.75 7.34
MTP1.03 8 2.21 1.86
MTP1.03 9 1.98 1.68
MTP1.03 10 1.60 1.34
Site Clam#
Length
(mm)
Width
(mm)
MTP1.04 1 21.07 18.8
MTP1.04 2 19.17 17.29
MTP1.04 3 14.89 13.54
MTP1.04 4 14.36 13.14
MTP1.04 5 14.61 12.79
MTP1.04 6 13.94 12.58
MTP1.04 7 13.68 12.62
MTP1.04 8 11.68 10.16
MTP1.04 9 10.15 8.99
MTP1.04 10 11.06 9.79
MTP1.04 11 8.49 7.48
MTP1.04 12 8.14 7.03
MTP1.04 13 8.30 7.14
MTP1.04 14 4.33 3.51
MTP1.04 15 2.57 1.94
MTP1.04 16 2.17 1.78
MTP1.04 17 2.04 1.68
MTP1.04 18 1.84 1.54
MTP1.04 19 1.67 1.36
MTP1.05 1 9.48 8.27
MTP1.05 2 8.45 7.26
MTP1.05 3 3.13 2.51
MTP1.05 4 2.33 1.86
MTP1.05 5 1.73 1.41
MTP1.05 6 1.76 1.49
MTP1.05 7 1.48 1.24
MTP1.06 1 17.79 16.4
MTP1.06 2 3.16 2.59
MTP1.06 3 2.74 2.18
MTP1.07 1 2.72 2.14
MTP1.07 2 3.11 2.37
MTP1.07 3 2.59 2.13
MTP1.07 4 1.84 1.45
MTP1.07 5 1.54 1.30
MTP1.07 6 0.84 0.73
MTP1.07 7 0.88 0.73
MTP1.08 1 26.16 24.07
MTP1.08 2 21.37 19.59
MTP1.08 3 17.68 16.49
MTP1.08 4 19.15 17.85
MTP1.08 5 16.14 14.88
MTP1.08 6 15.52 13.93
MTP1.08 7 10.59 9.65
MTP1.08 8 8.35 7.05
MTP1.08 9 5.26 3.98
Site Clam#
Length
(mm)
Width
(mm)
MTP1.08 10 3.19 2.53
MTP1.08 11 3.29 2.64
MTP1.08 12 2.68 2.17
MTP1.08 13 2.24 1.85
MTP1.08 14 0.90 0.78
MTP1.09 1 16.92 16.22
MTP1.09 2 15.18 13.95
MTP1.09 3 11.10 10.03
MTP1.09 4 7.50 6.43
MTP1.09 5 5.45 4.27
MTP1.09 6 4.85 4.05
MTP1.09 7 1.97 1.43
MTP1.09 8 3.04 2.39
MTP1.09 9 2.34 1.76
MTP1.09 10 6.18 4.96
MTP1.09 11 3.46 2.87
MTP1.09 12 3.15 2.49
MTP1.09 13 1.69 1.35
MTP1.09 14 1.75 1.33
MTP1.09 15 5.90 4.78
MTP1.09 16 2.96 2.43
MTP1.09 17 1.62 1.32
MTP1.09 18 1.49 1.21
MTP1.09 19 2.94 2.37
MTP1.09 20 1.82 1.64
MTP1.09 21 1.46 1.12
MTP1.09 22 2.72 2.16
MTP1.09 23 2.87 2.33
MTP1.09 24 2.36 1.86
MTP1.09 25 1.91 1.64
MTP1.09 26 1.20 1.00
MTP1.09 27 1.40 1.25
MTP1.09 28 1.37 1.14
MTP1.09 29 2.88 2.25
MTP1.09 30 1.25 0.96
MTP1.09 31 1.43 1.21
MTP1.10 1 15.98 14.66
MTP1.10 2 13.52 12.11
MTP1.10 3 15.81 14.88
MTP1.10 4 6.73 5.56
MTP1.10 5 3.92 3.17
MTP1.10 6 2.20 1.77
MTP1.10 7 2.49 1.89
MTP1.10 8 2.29 1.93
MTP1.10 9 2.48 1.86
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Appendix 10 (Continued). C. fluminea size data for Mattaponi River 2012 survey.
Site Clam#
Length
(mm)
Width
(mm)
MTP1.10 10 2.39 1.95
MTP1.10 11 2.91 2.32
MTP1.10 12 4.20 3.25
MTP1.10 13 2.76 2.15
MTP1.10 14 3.13 2.51
MTP1.10 15 3.43 2.70
MTP1.10 16 2.54 2.01
MTP1.10 17 2.43 2.03
MTP1.10 18 1.06 0.96
MTP1.10 19 1.03 0.81
MTP1.10 20 1.49 1.31
MTP1.10 21 1.40 1.25
MTP1.10 22 1.83 1.49
MTP1.10 23 1.48 1.23
MTP1.10 24 2.49 2.04
MTP1.10 25 2.37 1.87
MTP2.01 1 24.63 22.26
MTP2.01 2 19.85 18.42
MTP2.01 3 16.07 14.56
MTP2.01 4 10.61 9.25
MTP2.01 5 2.26 1.79
MTP2.01 6 1.93 1.58
MTP2.01 7 2.11 1.73
MTP2.01 8 0.92 0.83
MTP2.03 1 21.47 20.29
MTP2.03 2 23.79 21.47
MTP2.03 3 22.23 21.16
MTP2.03 4 23.23 21.63
MTP2.03 5 25.39 22.97
MTP2.03 6 26.41 24.31
MTP2.03 7 3.42 2.65
MTP2.03 8 3.22 2.48
MTP2.03 9 2.27 1.75
MTP2.03 10 2.51 1.98
MTP2.03 11 2.64 2.07
MTP2.03 12 1.53 1.32
MTP2.03 13 0.75 0.63
MTP2.03 14 0.81 0.74
MTP2.03 15 1.05 0.88
MTP2.03 16 1.04 0.89
MTP2.03 17 0.94 0.74
MTP2.04 1 0.90 0.72
MTP2.04 2 1.29 1.00
MTP2.04 3 1.90 1.53
MTP2.05 1 24.48 23.24
Site Clam#
Length
(mm)
Width
(mm)
MTP2.05 2 10.42 9.12
MTP2.05 3 10.16 9.11
MTP2.05 4 9.70 8.63
MTP2.05 5 8.07 6.57
MTP2.05 6 6.5 5.2
MTP2.05 7 4.39 3.53
MTP2.05 8 1.54 1.29
MTP2.06 1 9.53 8.32
MTP2.06 2 2.79 2.12
MTP2.06 3 2.67 1.91
MTP2.06 4 2.46 1.94
MTP2.06 5 2.43 1.84
MTP2.06 6 3.38 2.59
MTP2.06 7 2.39 1.82
MTP2.06 8 2.39 1.76
MTP2.06 9 1.98 1.60
MTP2.06 10 1.25 1.04
MTP2.06 11 0.80 0.64
MTP2.06 12 1.96 1.52
MTP2.06 13 2.15 1.69
MTP2.07 1 28.07 25.55
MTP2.07 2 25.97 22.28
MTP2.07 3 22.01 20.21
MTP2.07 4 11.64 10.35
MTP2.07 5 9.87 9.05
MTP2.07 6 11.33 9.91
MTP2.07 7 8.13 6.75
MTP2.07 8 6.61 5.45
MTP2.07 9 5.81 4.61
MTP2.07 10 4.29 3.15
MTP2.07 11 3.21 2.38
MTP2.07 12 3.72 3.00
MTP2.07 13 1.04 0.92
MTP2.07 14 0.92 0.82
MTP2.07 15 1.12 0.95
MTP2.07 16 0.81 0.72
MTP2.07 17 0.89 0.82
MTP2.07 18 6.63 5.61
MTP2.08 1 25.58 22.49
MTP2.08 2 24.62 22.31
MTP2.08 3 20.85 18.93
MTP2.08 4 14.49 13.44
MTP2.08 5 14.85 14.11
MTP2.08 6 12.46 11.26
MTP2.08 7 12.09 11.19
Site
Clam
#
Length
(mm)
Width
(mm)
MTP2.08 8 11.22 10.44
MTP2.08 9 11.46 10.43
MTP2.08 10 12.09 11.09
MTP2.08 11 12.29 11.13
MTP2.08 12 10.75 9.95
MTP2.08 13 10.95 9.81
MTP2.08 14 9.93 8.85
MTP2.08 15 9.46 8.23
MTP2.08 16 10.41 9.69
MTP2.08 17 10.97 9.89
MTP2.08 18 8.37 7.06
MTP2.08 19 9.20 8.23
MTP2.08 20 8.34 6.93
MTP2.08 21 9.04 8.20
MTP2.08 22 7.93 6.80
MTP2.08 23 7.60 6.33
MTP2.08 24 8.05 6.90
MTP2.08 25 2.95 2.34
MTP2.08 26 3.16 2.58
MTP2.08 27 3.20 2.56
MTP2.08 28 3.19 2.48
MTP2.08 29 2.64 2.15
MTP2.08 30 2.84 2.32
MTP2.08 31 2.92 2.34
MTP2.08 32 1.23 1.05
MTP2.08 33 0.98 0.95
MTP2.08 34 1.14 0.90
MTP2.08 35 0.93 0.77
MTP2.08 36 1.18 1.02
MTP2.08 37 1.25 1.07
MTP2.08 38 1.25 0.98
MTP2.08 39 0.93 0.81
MTP2.09 1 25.22 22.78
MTP2.09 2 18.40 16.63
MTP2.09 3 10.61 9.18
MTP2.09 4 1.45 1.26
MTP2.09 5 2.15 1.72
MTP2.09 6 2.94 2.30
MTP2.09 7 2.18 1.74
MTP2.09 8 1.34 1.11
MTP2.09 9 1.99 1.54
MTP2.09 10 1.67 1.39
MTP2.09 11 1.10 0.93
MTP2.09 12 1.21 1.07
MTP2.09 13 1.16 0.97
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Site Clam#
Length
(mm)
Width
(mm)
MTP2.09 14 1.55 1.31
MTP2.09 15 1.07 0.92
MTP2.09 16 1.05 0.89
MTP2.09 17 1.20 1.09
MTP2.09 18 1.05 0.85
MTP2.09 19 1.12 0.96
MTP2.09 20 1.20 1.00
MTP2.09 21 1.22 1.03
MTP2.09 22 1.11 0.89
MTP2.09 23 0.95 0.82
MTP2.09 24 1.21 1.03
MTP2.09 25 1.09 0.93
MTP2.09 26 1.09 0.94
MTP2.09 27 1.30 1.09
MTP2.09 28 1.21 1.04
MTP2.09 29 0.83 0.71
MTP2.10 1 1.31 1.17
MTP2.10 2 1.40 1.25
MTP2.10 3 1.36 1.15
MTP2.10 4 0.92 0.85
MTP2.10 5 3.81 2.93
MTP3.01 1 23.31 21.46
MTP3.01 2 1.44 1.25
MTP3.01 3 0.84 0.73
MTP3.01 4 1.73 1.48
MTP3.01 5 0.85 0.79
MTP3.01 6 0.97 0.77
MTP3.01 7 0.99 0.82
MTP3.02 1 24.57 21.98
MTP3.02 2 11.96 10.74
MTP3.02 3 12.34 10.85
MTP3.02 4 11.82 10.46
MTP3.02 5 11.70 10.48
MTP3.02 6 11.00 9.82
MTP3.02 7 11.24 9.90
MTP3.02 8 1.95 1.56
MTP3.02 9 1.24 0.98
MTP3.02 10 1.37 1.14
MTP3.02 11 1.93 1.59
MTP3.02 12 1.48 1.25
MTP3.02 13 2.45 1.93
MTP3.03 1 12.46 11.87
MTP3.03 2 1.50 1.16
MTP3.03 3 2.37 1.83
MTP3.04 1 1.04 0.96
Site Clam#
Length
(mm)
Width
(mm)
MTP3.04 2 1.23 1.02
MTP3.04 3 1.19 0.92
MTP3.04 4 1.55 1.31
MTP3.04 5 0.89 0.69
MTP3.04 6 0.84 0.77
MTP3.05 1 12.39 11.05
MTP3.05 2 1.89 1.54
MTP3.05 3 2.67 2.14
MTP3.05 4 1.48 1.20
MTP3.05 5 1.81 1.50
MTP3.05 6 1.62 1.33
MTP3.05 7 2.25 1.87
MTP3.06 1 12.37 11.05
MTP3.06 2 10.94 9.83
MTP3.06 3 9.77 8.72
MTP3.06 4 1.82 1.48
MTP3.06 5 1.50 1.24
MTP3.06 6 1.53 1.27
MTP3.06 7 1.57 1.31
MTP3.07 1 2.32 1.82
MTP3.07 2 1.92 1.56
MTP3.07 3 3.02 2.21
MTP3.07 4 3.16 2.18
MTP3.07 5 2.65 1.96
MTP3.07 6 3.05 2.27
MTP3.07 7 0.98 0.82
MTP3.07 8 0.79 0.71
MTP3.07 9 1.37 1.11
MTP3.07 10 1.76 1.41
MTP3.07 11 1.48 1.27
MTP3.08 1 12.51 11.43
MTP3.08 2 1.39 1.15
MTP3.08 3 1.56 1.31
MTP3.09 1 12.23 10.29
MTP3.09 2 7.88 6.36
MTP3.09 3 2.50 1.85
MTP3.09 4 1.28 1.03
MTP3.09 5 1.18 1.02
MTP3.09 6 2.34 1.87
MTP3.09 7 1.02 0.83
MTP3.09 8 1.48 1.22
MTP3.10 1 1.47 1.01
MTP4.01 1 11.68 10.84
MTP4.01 2 11.32 10.01
MTP4.01 3 11.07 9.30
Site
Clam
#
Length
(mm)
Width
(mm)
MTP4.01 4 1.00 0.82
MTP4.01 5 0.85 0.81
MTP4.01 6 1.80 1.30
MTP4.01 1 2.17 1.69
MTP4.02 1 7.95 7.07
MTP4.02 2 6.00 4.93
MTP4.04 1 11.41 9.98
MTP4.04 2 6.23 5.12
MTP4.04 3 1.08 1.05
MTP4.04 4 2.26 1.74
MTP4.06 1 4.41 3.53
MTP4.06 2 1.89 1.53
MTP4.06 3 1.73 1.47
MTP4.07 1 3.35 2.26
MTP4.07 2 4.15 2.86
MTP4.07 3 1.79 1.31
MTP4.07 4 2.92 2.15
MTP4.08 1 1.04 0.88
MTP4.10 1 16.42 15.50
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Appendix 11. C. fluminea size data for Pamunkey River 2011 survey. Shell length (mm) 
measured anterior to posterior, shell width (mm) measured dorsal to ventral.
Site Clam#
Length
(mm)
Width
(mm)
PMK1.01 1 3.47 2.54
PMK1.01 2 3.61 2.89
PMK1.01 3 2.77 2.19
PMK1.01 4 4.00 3.12
PMK1.01 5 3.47 2.83
PMK1.01 6 1.99 1.54
PMK1.01 7 3.57 2.81
PMK1.01 8 3.20 2.57
PMK1.01 9 2.29 1.87
PMK1.01 10 2.45 1.92
PMK1.01 11 2.03 1.64
PMK1.01 12 2.23 1.80
PMK1.01 13 2.17 1.65
PMK1.01 14 2.36 1.92
PMK1.01 15 1.91 1.50
PMK1.01 16 2.33 1.82
PMK1.01 17 7.14 5.39
PMK1.01 18 6.16 4.82
PMK1.01 19 1.64 1.28
PMK1.01 20 1.98 1.63
PMK1.01 21 2.01 1.63
PMK1.01 22 1.75 1.38
PMK1.01 23 1.69 1.45
PMK1.01 24 1.51 1.17
PMK1.01 25 1.65 1.37
PMK1.01 26 1.70 1.37
PMK1.01 27 1.65 1.28
PMK1.01 28 1.65 1.23
PMK1.01 29 1.86 1.51
PMK1.01 30 1.49 1.23
PMK1.01 31 1.42 1.15
PMK1.01 32 1.40 1.05
PMK1.01 33 1.35 1.13
PMK1.01 34 1.32 1.12
PMK1.01 35 1.43 1.09
PMK1.01 36 1.48 1.26
PMK1.01 37 1.24 1.02
PMK1.01 38 1.47 1.19
PMK1.01 39 1.51 1.23
PMK1.01 40 1.46 1.35
PMK1.01 41 1.56 1.30
PMK1.01 42 1.46 1.20
PMK1.01 43 1.54 1.22
PMK1.01 44 1.62 1.29
PMK1.01 45 1.74 1.42
Site Clam#
Length
(mm)
Width
(mm)
PMK1.01 46 1.48 1.20
PMK1.01 46 1.48 1.20
PMK1.01 47 1.64 1.18
PMK1.01 48 1.34 1.12
PMK1.01 49 1.58 1.31
PMK1.01 50 1.63 1.33
PMK1.01 51 1.49 1.20
PMK1.01 52 1.39 1.13
PMK1.01 53 1.46 1.21
PMK1.01 54 1.66 1.37
PMK1.01 55 0.88 0.70
PMK1.01 56 1.03 0.89
PMK1.01 57 0.93 0.79
PMK1.01 58 1.22 0.98
PMK1.01 59 1.54 1.27
PMK1.01 60 0.83 0.77
PMK1.01 61 0.86 0.65
PMK1.01 62 0.92 0.79
PMK1.01 63 1.03 0.86
PMK1.01 64 0.74 0.61
PMK1.01 65 1.12 0.87
PMK1.01 66 1.04 0.93
PMK1.01 67 0.94 0.77
PMK1.01 68 1.02 0.83
PMK1.01 69 0.83 0.71
PMK1.01 70 1.23 1.03
PMK1.01 71 1.16 0.95
PMK1.01 72 1.03 0.83
PMK1.01 73 1.30 1.09
PMK1.01 74 0.94 0.80
PMK1.01 75 1.25 1.08
PMK1.01 76 1.39 1.14
PMK1.01 77 0.83 0.77
PMK1.01 78 0.99 0.87
PMK1.01 79 0.94 0.77
PMK1.01 80 0.98 0.81
PMK1.01 81 1.04 0.93
PMK1.01 82 1.16 1.00
PMK1.01 83 1.25 1.05
PMK1.01 84 1.05 0.88
PMK1.01 85 0.52 0.46
PMK1.01 86 0.58 0.51
PMK1.01 87 1.06 0.83
PMK1.01 88 0.87 0.74
PMK1.01 89 0.93 0.85
Site Clam#
Length
(mm)
Width
(mm)
PMK1.01 90 1.10 0.88
PMK1.01 91 0.90 0.73
PMK1.01 92 0.75 0.58
PMK1.01 93 0.70 0.61
PMK1.01 94 1.15 0.98
PMK1.01 95 0.91 0.76
PMK1.01 96 1.03 0.83
PMK1.01 97 0.95 0.78
PMK1.01 98 1.13 0.94
PMK1.01 99 0.77 0.64
PMK1.01 100 1.10 0.89
PMK1.01 101 1.06 0.92
PMK1.01 102 1.16 0.98
PMK1.01 103 0.84 0.69
PMK1.01 104 1.22 1.08
PMK1.01 105 1.32 1.13
PMK1.01 106 1.49 1.26
PMK1.01 107 1.53 1.25
PMK1.01 108 0.82 0.71
PMK1.01 109 1.15 0.98
PMK1.01 110 0.96 0.82
PMK1.01 111 1.41 1.19
PMK1.01 112 1.11 0.98
PMK1.01 113 1.10 0.90
PMK1.01 114 0.91 0.73
PMK1.01 115 0.88 0.73
PMK1.01 116 0.96 0.82
PMK1.01 117 1.05 0.90
PMK1.01 118 0.84 0.73
PMK1.01 119 0.82 0.69
PMK1.01 120 0.87 0.72
PMK1.01 121 1.11 0.95
PMK1.01 122 0.91 0.74
PMK1.01 123 0.98 0.86
PMK1.01 124 0.84 0.74
PMK1.01 125 0.59 0.51
PMK1.01 126 0.63 0.59
PMK1.02 1 2.53 1.97
PMK1.02 2 2.61 2.00
PMK1.02 3 1.65 1.23
PMK1.02 4 1.74 1.39
PMK1.02 5 1.96 1.48
PMK1.02 6 2.26 1.79
PMK1.02 7 2.32 1.85
PMK1.02 8 2.08 1.60
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Site Clam#
Length
(mm)
Width
(mm)
PMK1.02 9 2.77 2.19
PMK1.02 10 3.18 2.49
PMK1.02 11 3.33 2.66
PMK1.02 12 3.69 2.79
PMK1.02 13 3.33 2.61
PMK1.02 14 2.46 1.95
PMK1.02 15 2.97 2.29
PMK1.02 16 2.67 2.07
PMK1.02 17 2.47 1.94
PMK1.02 18 2.26 1.85
PMK1.02 19 2.46 1.86
PMK1.02 20 3.36 2.53
PMK1.02 21 2.31 1.84
PMK1.02 22 2.20 1.72
PMK1.02 23 1.67 1.33
PMK1.02 24 1.74 1.46
PMK1.02 25 2.23 1.70
PMK1.02 26 1.32 1.01
PMK1.02 27 1.87 1.45
PMK1.02 28 1.21 0.96
PMK1.02 29 1.23 1.02
PMK1.02 30 1.39 1.06
PMK1.02 31 1.91 1.62
PMK1.02 32 1.94 1.55
PMK1.02 33 1.20 0.95
PMK1.02 34 1.45 1.15
PMK1.02 35 1.43 1.16
PMK1.02 36 1.74 1.38
PMK1.02 37 1.06 0.83
PMK1.02 38 1.54 1.11
PMK1.02 39 1.55 1.31
PMK1.02 40 1.47 1.19
PMK1.02 41 1.17 0.95
PMK1.02 42 1.41 1.11
PMK1.02 43 1.37 1.05
PMK1.02 44 1.42 1.19
PMK1.02 45 1.89 1.53
PMK1.02 46 1.38 1.12
PMK1.02 47 1.62 1.25
PMK1.02 48 1.80 1.44
PMK1.02 49 1.64 1.26
PMK1.02 50 2.29 1.87
PMK1.02 51 1.53 1.21
PMK1.02 52 2.02 1.58
PMK1.02 53 2.58 2.05
Site Clam#
Length
(mm)
Width
(mm)
PMK1.02 54 1.83 1.52
PMK1.02 55 1.21 0.99
PMK1.02 56 1.16 0.91
PMK1.02 57 1.52 1.20
PMK1.02 58 1.06 0.81
PMK1.02 59 1.13 0.90
PMK1.02 60 1.17 0.94
PMK1.02 61 1.01 0.81
PMK1.02 62 1.22 0.99
PMK1.02 63 1.80 1.42
PMK1.02 64 1.54 1.23
PMK1.02 65 1.16 0.94
PMK1.02 66 1.22 0.98
PMK1.02 67 1.09 0.87
PMK1.02 68 1.27 1.03
PMK1.02 69 1.11 0.92
PMK1.02 70 0.89 0.75
PMK1.02 71 1.60 1.29
PMK1.02 72 1.06 0.83
PMK1.02 73 1.18 0.93
PMK1.02 74 1.20 0.96
PMK1.02 75 1.16 0.93
PMK1.02 76 1.22 0.96
PMK1.02 77 1.22 0.99
PMK1.02 78 1.30 1.06
PMK1.02 79 1.67 1.36
PMK1.02 80 1.37 1.18
PMK1.02 81 1.30 1.08
PMK1.02 82 1.44 1.23
PMK1.02 83 0.85 0.65
PMK1.02 84 1.04 0.86
PMK1.02 85 1.57 1.26
PMK1.02 86 1.43 1.14
PMK1.02 87 1.96 1.54
PMK1.02 88 1.35 1.10
PMK1.02 89 1.30 1.06
PMK1.02 90 1.05 0.85
PMK1.02 91 1.92 1.55
PMK1.02 92 1.38 1.07
PMK1.02 93 1.12 0.98
PMK1.02 94 1.38 1.12
PMK1.02 95 0.89 0.76
PMK1.02 96 1.12 0.92
PMK1.02 97 1.06 0.80
PMK1.02 98 1.21 0.95
Site Clam#
Length
(mm)
Width
(mm)
PMK1.02 99 0.96 0.80
PMK1.02 100 1.11 0.96
PMK1.02 101 1.11 0.93
PMK1.02 102 0.61 0.60
PMK1.02 103 1.01 0.79
PMK1.02 104 0.97 0.74
PMK1.02 105 1.19 0.88
PMK1.02 106 1.07 0.84
PMK1.02 107 0.83 0.64
PMK1.02 108 1.35 1.03
PMK1.02 109 1.06 0.85
PMK1.02 110 0.93 0.79
PMK1.02 111 1.09 0.80
PMK1.02 112 0.96 0.78
PMK1.02 113 0.87 0.65
PMK1.02 114 0.89 0.68
PMK1.02 115 0.73 0.61
PMK1.02 116 1.01 0.79
PMK1.02 117 0.90 0.78
PMK1.02 118 0.97 0.80
PMK1.02 119 1.05 0.85
PMK1.02 120 1.29 1.02
PMK1.02 121 1.64 1.28
PMK1.02 122 1.77 1.40
PMK1.02 123 1.15 0.87
PMK1.02 124 2.53 1.96
PMK1.02 125 1.80 1.36
PMK1.02 126 1.29 0.98
PMK1.02 127 1.22 1.01
PMK1.02 128 1.74 1.40
PMK1.02 129 1.90 1.47
PMK1.02 130 2.91 2.30
PMK1.02 131 0.69 0.53
PMK1.02 132 0.77 0.56
PMK1.02 133 0.80 0.74
PMK1.02 134 0.56 0.49
PMK1.02 135 0.63 0.50
PMK1.02 136 0.64 0.58
PMK1.02 137 0.64 0.57
PMK1.02 138 0.63 0.56
PMK1.02 139 0.73 0.58
PMK1.02 140 0.80 0.63
PMK1.02 141 0.94 0.72
PMK1.02 142 0.65 0.53
PMK1.02 143 0.78 0.63
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Site Clam#
Length
(mm)
Width
(mm)
PMK1.02 144 0.90 0.68
PMK1.02 145 0.82 0.71
PMK1.02 146 0.80 0.71
PMK1.02 147 0.93 0.75
PMK1.02 148 0.84 0.70
PMK1.02 149 0.68 0.58
PMK1.02 150 0.86 0.68
PMK1.02 151 0.74 0.59
PMK1.02 152 0.74 0.63
PMK1.02 153 0.83 0.61
PMK1.02 154 0.62 0.51
PMK1.02 155 0.88 0.71
PMK1.02 156 0.70 0.62
PMK1.02 157 0.85 0.70
PMK1.02 158 0.74 0.64
PMK1.02 159 0.71 0.59
PMK1.03 1 5.29 3.92
PMK1.03 2 2.78 2.19
PMK1.03 3 2.39 1.87
PMK1.03 4 2.33 1.90
PMK1.03 5 2.99 2.27
PMK1.03 6 4.44 3.34
PMK1.03 7 2.93 2.18
PMK1.03 8 2.85 2.20
PMK1.03 9 3.59 2.81
PMK1.03 10 3.93 2.93
PMK1.03 11 1.85 1.50
PMK1.03 12 2.08 1.63
PMK1.03 13 1.88 1.51
PMK1.03 14 1.67 1.33
PMK1.03 15 1.30 1.03
PMK1.03 16 1.09 0.92
PMK1.03 17 1.24 1.01
PMK1.03 18 1.07 0.88
PMK1.03 19 0.91 0.76
PMK1.03 20 1.22 0.99
PMK1.03 21 0.93 0.79
PMK1.03 22 0.92 0.77
PMK1.03 23 1.11 0.91
PMK1.03 24 1.01 0.83
PMK1.03 25 0.99 0.86
PMK1.03 26 1.16 1.01
PMK1.03 27 0.89 0.75
PMK1.03 28 1.25 1.01
PMK1.03 29 1.18 0.97
Site Clam#
Length
(mm)
Width
(mm)
PMK1.05 20 0.60 0.45
PMK1.05 21 0.71 0.58
PMK1.05 22 0.51 0.41
PMK1.05 23 0.86 0.63
PMK1.05 24 0.68 0.53
PMK1.05 25 0.80 0.59
PMK1.06 1 4.68 3.56
PMK1.06 2 3.94 3.20
PMK1.06 3 1.67 1.39
PMK1.06 4 3.31 2.44
PMK1.06 5 2.74 2.22
PMK1.06 6 3.15 2.45
PMK1.06 7 1.47 1.14
PMK1.06 8 5.40 4.13
PMK1.06 9 3.18 2.67
PMK1.06 10 3.44 2.77
PMK1.06 11 3.09 2.38
PMK1.06 12 2.77 2.20
PMK1.06 13 2.53 1.98
PMK1.06 14 2.22 1.79
PMK1.06 15 1.78 1.49
PMK1.06 16 1.58 1.35
PMK1.06 17 1.54 1.29
PMK1.06 18 1.91 1.57
PMK1.06 19 1.51 1.29
PMK1.06 20 1.55 1.34
PMK1.06 21 1.72 1.43
PMK1.06 22 1.65 1.34
PMK1.06 23 1.30 1.11
PMK1.06 24 1.59 1.30
PMK1.06 25 1.23 1.08
PMK1.06 26 1.18 1.00
PMK1.06 27 1.20 0.99
PMK1.06 28 1.26 1.06
PMK1.06 29 1.10 0.90
PMK1.06 30 1.38 1.17
PMK1.06 31 1.01 0.87
PMK1.06 32 1.18 1.00
PMK1.06 33 1.02 0.84
PMK1.06 34 1.32 1.04
PMK1.06 35 1.15 0.95
PMK1.06 36 1.23 1.04
PMK1.06 37 1.36 1.12
PMK1.06 38 1.27 1.00
PMK1.06 39 1.27 1.02
Site Clam#
Length
(mm)
Width
(mm)
PMK1.03 30 0.75 0.60
PMK1.03 31 1.33 1.12
PMK1.03 32 1.28 1.02
PMK1.03 33 0.94 0.71
PMK1.03 34 0.66 0.59
PMK1.03 35 0.85 0.63
PMK1.03 36 0.97 0.82
PMK1.03 37 0.75 0.64
PMK1.03 38 0.82 0.76
PMK1.03 39 0.71 0.60
PMK1.03 40 0.91 0.68
PMK1.03 41 0.71 0.53
PMK1.03 42 0.88 0.71
PMK1.03 43 0.75 0.65
PMK1.03 44 0.76 0.58
PMK1.03 45 0.92 0.75
PMK1.03 46 0.93 0.79
PMK1.03 47 0.68 0.60
PMK1.03 48 0.80 0.72
PMK1.03 49 0.94 0.75
PMK1.03 50 0.90 0.72
PMK1.03 51 0.75 0.61
PMK1.04 1 4.03 3.18
PMK1.04 2 1.42 1.19
PMK1.04 3 1.10 0.89
PMK1.04 4 1.34 1.12
PMK1.05 1 4.42 3.29
PMK1.05 2 4.25 3.27
PMK1.05 3 3.97 3.16
PMK1.05 4 3.22 2.45
PMK1.05 5 2.03 1.69
PMK1.05 6 2.66 2.15
PMK1.05 7 3.77 2.73
PMK1.05 8 1.77 1.47
PMK1.05 9 2.81 2.29
PMK1.05 10 2.74 2.13
PMK1.05 11 0.89 0.80
PMK1.05 12 1.19 0.88
PMK1.05 13 1.08 0.90
PMK1.05 14 1.28 1.03
PMK1.05 15 0.73 0.61
PMK1.05 16 1.79 1.39
PMK1.05 17 1.23 0.89
PMK1.05 18 1.21 0.95
PMK1.05 19 4.03 3.22
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Site Clam#
Length
(mm)
Width
(mm)
PMK1.06 40 1.18 0.97
PMK1.06 41 1.31 1.12
PMK1.06 42 1.01 0.76
PMK1.06 43 1.12 0.98
PMK1.06 44 0.95 0.78
PMK1.06 45 1.25 1.04
PMK1.06 46 1.22 0.99
PMK1.06 47 1.04 0.89
PMK1.06 48 1.10 0.92
PMK1.06 49 1.28 1.14
PMK1.06 50 1.05 0.91
PMK1.06 51 1.16 0.98
PMK1.06 52 1.09 0.88
PMK1.06 53 1.12 0.91
PMK1.06 54 0.96 0.73
PMK1.06 55 1.17 0.99
PMK1.06 56 1.50 1.26
PMK1.06 57 1.23 1.02
PMK1.06 58 1.13 0.94
PMK1.06 59 1.19 0.99
PMK1.06 60 1.38 1.11
PMK1.06 61 1.01 0.86
PMK1.06 62 0.93 0.76
PMK1.06 63 0.79 0.68
PMK1.06 64 0.87 0.73
PMK1.06 65 1.04 0.79
PMK1.06 66 1.24 1.02
PMK1.06 67 0.93 0.83
PMK1.06 68 1.01 0.84
PMK1.06 69 0.97 0.70
PMK1.06 70 0.81 0.67
PMK1.06 71 0.73 0.55
PMK1.06 72 0.75 0.61
PMK1.06 73 0.90 0.74
PMK1.06 74 0.99 0.85
PMK1.06 75 1.00 0.85
PMK1.06 76 0.78 0.69
PMK1.06 77 0.92 0.75
PMK1.06 78 0.95 0.77
PMK1.06 79 0.78 0.59
PMK1.06 80 0.80 0.67
PMK1.06 81 0.68 0.58
PMK1.06 82 0.71 0.58
PMK1.06 83 0.53 0.43
PMK1.06 84 0.84 0.70
Site Clam#
Length
(mm)
Width
(mm)
PMK1.07 34 0.73 0.62
PMK1.07 35 1.02 0.85
PMK1.07 36 0.86 0.75
PMK1.07 37 1.32 1.03
PMK1.07 38 1.00 0.82
PMK1.07 39 0.85 0.82
PMK1.07 40 0.99 0.76
PMK1.07 41 0.83 0.69
PMK1.07 42 1.08 0.91
PMK1.07 43 0.92 0.76
PMK1.07 44 0.80 0.69
PMK1.07 45 0.81 0.70
PMK1.07 46 0.77 0.67
PMK1.07 47 0.95 0.80
PMK1.07 48 0.90 0.73
PMK1.07 49 0.76 0.62
PMK1.07 50 1.14 0.94
PMK1.07 51 0.79 0.67
PMK1.07 52 0.81 0.76
PMK1.07 53 1.33 1.09
PMK1.07 54 1.02 0.81
PMK1.07 55 0.96 0.82
PMK1.07 56 0.92 0.75
PMK1.07 57 0.81 0.70
PMK1.07 58 0.77 0.68
PMK1.07 59 0.84 0.71
PMK1.07 60 0.96 0.83
PMK1.07 61 1.12 0.90
PMK1.07 62 0.74 0.62
PMK1.07 63 1.03 0.85
PMK1.07 64 1.24 1.00
PMK1.07 65 1.00 0.76
PMK1.07 66 1.30 1.03
PMK1.07 67 1.23 0.99
PMK1.07 68 0.86 0.75
PMK1.07 69 1.31 1.07
PMK1.07 70 1.21 0.97
PMK1.07 71 1.13 0.94
PMK1.07 72 0.95 0.75
PMK1.07 73 1.09 0.86
PMK1.07 •74 1.11 0.90
PMK1.07 75 1.00 0.89
PMK1.07 76 0.97 0.85
PMK1.07 77 1.10 0.85
PMK1.07 78 1.10 0.95
Site Clam#
Length
(mm)
Width
(mm)
PMK1.06 85 0.71 0.54
PMK1.06 86 0.88 0.68
PMK1.06 87 0.74 0.62
PMK1.06 88 1.01 0.85
PMK1.06 89 0.82 0.63
PMK1.06 90 0.71 0.57
PMK1.06 91 0.82 0.66
PMK1.06 92 0.89 0.77
PMK1.06 93 0.68 0.58
PMK1.06 94 0.70 0.56
PMK1.06 95 0.66 0.51
PMK1.06 96 0.63 0.49
PMK1.07 1 2.92 2.13
PMK1.07 2 3.37 2.50
PMK1.07 3 4.08 3.11
PMK1.07 4 2.24 1.73
PMK1.07 5 2.57 1.97
PMK1.07 6 2.16 1.73
PMK1.07 7 1.76 1.37
PMK1.07 8 2.04 1.60
PMK1.07 9 1.89 1.51
PMK1.07 10 1.82 1.41
PMK1.07 11 1.79 1.46
PMK1.07 12 2.06 1.63
PMK1.07 13 1.40 1.05
PMK1.07 14 1.73 1.42
PMK1.07 15 1.98 1.50
PMK1.07 16 2.42 1.84
PMK1.07 17 3.90 3.11
PMK1.07 18 1.06 0.88
PMK1.07 19 0.80 0.65
PMK1.07 20 0.94 0.81
PMK1.07 21 0.80 0.67
PMK1.07 22 0.78 0.65
PMK1.07 23 1.15 0.88
PMK1.07 24 0.71 0.59
PMK1.07 25 0.75 0.63
PMK1.07 26 0.98 0.80
PMK1.07 27 0.78 0.61
PMK1.07 28 0.86 0.71
PMK1.07 29 1.03 0.81
PMK1.07 30 0.75 0.57
PMK1.07 31 0.96 0.74
PMK1.07 32 0.77 0.63
PMK1.07 33 1.08 0.90
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Site Clam#
Length
(mm)
Width
(mm)
PMK1.08 32 2.63 1.89
PMK1.08 33 1.95 1.60
PMK1.08 34 1.03 0.88
PMK1.08 35 0.93 0.68
PMK1.08 36 0.85 0.70
PMK1.08 37 1.23 0.98
PMK1.08 38 1.18 0.92
PMK1.08 39 1.11 0.85
PMK1.08 40 0.97 0.80
PMK1.08 41 1.08 0.93
PMK1.08 42 0.97 0.80
PMK1.08 43 1.00 0.79
PMK1.08 44 1.16 0.91
PMK1.08 45 0.95 0.75
PMK1.08 46 1.25 0.97
PMK1.08 47 1.14 0.91
PMK1.08 48 0.98 0.79
PMK1.08 49 1.12 0.90
PMK1.08 50 0.93 0.80
PMK1.08 51 0.89 0.69
PMK1.08 52 0.65 0.56
PMK1.08 53 0.86 0.66
PMK1.08 54 0.76 0.66
PMK1.08 55 0.81 0.64
PMK1.08 56 0.60 0.48
PMK1.08 57 0.70 0.52
PMK1.08 58 0.78 0.65
PMK1.08 59 0.81 0.65
PMK1.08 60 0.78 0.66
PMK1.08 61 0.67 0.56
PMK1.08 62 0.85 0.70
PMK1.08 63 0.76 0.63
PMK1.08 64 0.70 0.58
PMK1.08 65 0.67 0.53
PMK1.08 66 0.91 0.80
PMK1.08 67 0.71 0.64
PMK1.08 68 0.65 0.50
PMK1.08 69 0.74 0.60
PMK1.08 70 0.59 0.46
PMK1.08 71 0.94 0.84
PMK1.08 72 0.87 0.67
PMK1.08 73 0.78 0.64
PMK1.08 74 0.93 0.86
PMK1.08 75 0.83 0.62
PMK1.08 76 0.93 0.68
Site Clam#
Length
(mm)
Width
(mm)
PMK1.07 79 0.79 0.62
PMK1.07 80 1.03 0.90
PMK1.07 81 1.02 0.84
PMK1.07 82 0.97 0.83
PMK1.07 83 0.94 0.79
PMK1.07 84 1.11 0.92
PMK1.07 85 0.86 0.70
PMK1.07 86 0.79 0.70
PMK1.07 87 0.71 0.67
PMK1.07 88 0.73 0.68
PMK1.07 89 0.71 0.62
PMK1.07 90 0.81 0.67
PMK1.07 91 1.04 0.88
PMK1.07 92 0.79 0.66
PMK1.07 93 0.99 0.78
PMK1.07 94 1.08 0.86
PMK1.07 95 0.77 0.65
PMK1.07 96 0.78 0.66
PMK1.07 97 0.81 0.68
PMK1.07 98 0.98 0.83
PMK1.07 99 0.95 0.78
PMK1.07 100 0.80 0.67
PMK1.07 101 1.08 0.89
PMK1.07 102 0.75 0.61
PMK1.07 103 0.90 0.74
PMK1.07 104 0.87 0.78
PMK1.07 105 0.72 0.67
PMK1.07 106 0.94 0.69
PMK1.07 107 0.82 0.72
PMK1.07 108 0.69 0.62
PMK1.07 109 0.87 0.71
PMK1.07 110 0.99 0.84
PMK1.07 111 0.89 0.76
PMK1.07 112 0.81 0.77
PMK1.07 113 0.77 0.63
PMK1.07 114 0.90 0.73
PMK1.07 115 0.98 0.77
PMK1.07 116 0.96 0.80
PMK1.07 117 0.73 0.61
PMK1.07 118 0.79 0.67
PMK1.07 119 0.74 0.62
PMK1.07 120 0.83 0.77
PMK1.07 121 0.86 0.69
PMK1.07 122 0.94 0.79
PMK1.07 123 0.80 0.76
Site Clam#
Length
(mm)
Width
(mm)
PMK1.07 124 0.78 0.65
PMK1.07 125 0.84 0.69
PMK1.07 126 0.75 0.64
PMK1.07 127 0.72 0.56
PMK1.07 128 0.65 0.56
PMK1.07 129 0.79 0.68
PMK1.07 130 0.57 0.52
PMK1.07 131 0.62 0.54
PMK1.07 132 0.76 0.65
PMK1.07 133 0.77 0.65
PMK1.07 134 0.84 0.65
PMK1.07 135 0.75 0.61
PMK1.07 136 0.87 0.76
PMK1.07 137 0.67 0.59
PMK1.08 1 4.57 3.33
PMK1.08 2 4.44 3.43
PMK1.08 3 3.67 2.75
PMK1.08 4 3.33 2.57
PMK1.08 5 2.83 2.05
PMK1.08 6 4.32 3.22
PMK1.08 7 4.28 3.29
PMK1.08 8 3.63 2.70
PMK1.08 9 4.08 2.98
PMK1.08 10 2.77 2.03
PMK1.08 11 2.25 1.71
PMK1.08 12 4.33 3.16
PMK1.08 13 3.71 2.91
PMK1.08 14 3.84 2.82
PMK1.08 15 2.76 2.36
PMK1.08 16 2.91 2.27
PMK1.08 17 2.82 2.13
PMK1.08 18 1.93 1.42
PMK1.08 19 1.21 0.91
PMK1.08 20 1.25 0.95
PMK1.08 21 1.68 1.40
PMK1.08 22 1.77 1.41
PMK1.08 23 1.13 0.85
PMK1.08 24 1.29 0.95
PMK1.08 25 1.40 1.14
PMK1.08 26 1.38 1.12
PMK1.08 27 1.32 0.97
PMK1.08 28 1.80 1.39
PMK1.08 29 1.24 1.00
PMK1.08 30 2.53 2.01
PMK1.08 31 1.25 1.06
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Site Clam#
Length
(mm)
Width
(mm)
PMK1.08 77 0.93 0.71
PMK1.08 78 0.59 0.47
PMK1.08 79 0.51 0.38
PMK1.08 80 0.82 0.68
PMK1.08 81 0.85 0.67
PMK1.08 82 0.60 0.47
PMK1.08 83 0.63 0.52
PMK1.08 84 0.53 0.40
PMK1.08 85 0.65 0.58
PMK1.08 86 0.77 0.63
PMK1.08 87 0.67 0.57
PMK1.08 88 0.84 0.77
PMK1.08 89 0.70 0.62
PMK1.08 90 0.67 0.56
PMK1.08 91 0.81 0.74
PMK1.08 92 0.62 0.52
PMK1.08 93 0.70 0.61
PMK1.08 94 0.73 0.60
PMK1.08 95 0.63 0.55
PMK1.08 96 0.62 0.53
PMK1.08 97 0.79 0.67
PMK1.08 98 0.89 0.72
PMK1.08 99 0.74 0.59
PMK1.08 100 0.94 0.73
PMK1.08 101 0.94 0.78
PMK1.08 102 0.60 0.48
PMK1.08 103 0.82 0.72
PMK1.08 104 0.78 0.63
PMK1.08 105 0.64 0.52
PMK1.08 106 0.52 0.39
PMK1.08 107 0.64 0.48
PMK1.08 108 0.58 0.47
PMK1.08 109 0.71 0.54
PMK1.08 110 0.81 0.64
PMK1.08 111 0.69 0.60
PMK1.08 112 0.51 0.38
PMK1.08 113 0.57 0.43
PMK1.09 1 3.32 2.51
PMK1.09 2 3.36 2.63
PMK1.09 3 3.33 2.45
PMK1.09 4 3.19 2.35
PMK1.09 5 3.13 2.43
PMK1.09 6 5.04 3.69
PMK1.09 7 4.13 3.20
PMK1.09 8 3.63 2.91
Site Clam#
Length
(mm)
Width
(mm)
PMK1.09 9 3.16 2.49
PMK1.09 10 3.02 2.36
PMK1.09 11 2.55 2.01
PMK1.09 12 2.39 1.97
PMK1.09 13 3.02 2.39
PMK1.09 14 2.98 2.24
PMK1.09 15 2.32 1.91
PMK1.09 16 3.05 2.47
PMK1.09 17 2.41 1.93
PMK1.09 18 2.70 2.05
PMK1.09 19 2.97 2.32
PMK1.09 20 1.75 1.40
PMK1.09 21 1.85 1.51
PMK1.09 22 1.45 1.24
PMK1.09 23 1.59 1.38
PMK1.09 24 1.23 1.00
PMK1.09 25 1.33 1.02
PMK1.09 26 1.51 1.25
PMK1.09 27 1.08 0.88
PMK1.09 28 1.28 1.07
PMK1.09 29 1.45 1.24
PMK1.09 30 1.41 1.08
PMK1.09 31 0.98 0.77
PMK1.09 32 0.95 0.80
PMK1.09 33 0.94 0.76
PMK1.09 34 0.97 0.75
PMK1.09 35 1.04 0.92
PMK1.09 36 0.89 0.71
PMK1.09 37 1.19 1.00
PMK1.09 38 0.91 0.76
PMK1.09 39 0.94 0.76
PMK1.09 40 0.71 0.61
PMK1.09 41 0.60 0.51
PMK1.09 42 0.66 0.49
PMK1.09 43 0.57 0.46
PMK1.09 44 0.62 0.47
PMK1.09 45 0.62 0.51
PMK1.09 46 0.68 0.54
PMK1.09 47 0.86 0.75
PMK1.09 48 0.99 0.86
PMK1.09 49 0.98 0.79
PMK1.09 50 0.78 0.61
PMK1.09 51 0.72 0.61
PMK1.09 52 0.73 0.62
PMK1.09 53 0.92 0.79
Site Clam#
Length
(mm)
Width
(mm)
PMK1.09 54 0.93 0.80
PMK1.09 55 0.74 0.57
PMK1.09 56 0.82 0.63
PMK1.09 57 0.60 0.51
PMK1.09 58 0.63 0.56
PMK1.09 59 0.83 0.72
PMK1.09 60 1.11 0.90
PMK1.09 61 1.07 0.85
PMK1.09 62 0.80 0.68
PMK1.09 63 0.76 0.61
PMK1.09 64 0.97 0.78
PMK1.09 65 0.95 0.77
PMK1.09 66 0.83 0.66
PMK1.09 67 0.95 0.76
PMK1.09 68 1.05 0.90
PMK1.09 69 0.80 0.66
PMK1.09 70 0.69 0.55
PMK1.09 71 0.98 0.85
PMK1.09 72 1.08 0.79
PMK1.09 73 1.04 0.82
PMK1.09 74 0.78 0.66
PMK1.09 75 0.79 0.67
PMK1.09 76 0.86 0.64
PMK1.09 77 0.99 0.83
PMK1.09 78 0.82 0.71
PMK1.09 79 0.77 0.70
PMK1.09 80 0.87 0.73
PMK1.09 81 0.75 0.63
PMK1.09 82 0.73 0.64
PMK1.09 83 0.73 0.64
PMK1.09 84 0.76 0.65
PMK1.09 85 0.80 0.67
PMK1.09 86 0.66 0.55
PMK1.09 87 0.96 0.73
PMK1.09 88 0.72 0.61
PMK1.09 89 0.74 0.55
PMK1.09 90 0.69 0.55
PMK1.09 91 0.64 0.48
PMK1.09 92 0.54 0.46
PMK1.09 93 0.58 0.49
PMK1.09 94 0.75 0.61
PMK1.09 95 0.54 0.44
PMK1.09 96 0.76 0.59
PMK1.09 97 0.81 0.62
PMK1.09 98 0.72 0.55
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Site Clam#
Length
(mm)
Width
(mm)
PMK1.09 99 0.70 0.64
PMK1.09 100 0.73 0.60
PMK1.09 101 0.70 0.60
PMK1.09 102 0.73 0.58
PMK1.09 103 0.93 0.77
PMK1.09 104 0.77 0.64
PMK1.09 105 0.66 0.54
PMK1.09 106 0.76 0.60
PMK1.09 107 0.57 0.49
PMK1.09 108 0.86 0.75
PMK1.09 109 0.81 0.65
PMK1.09 110 0.62 0.53
PMK1.09 111 0.56 0.43
PMK1.09 112 0.84 0.71
PMK1.09 113 0.65 0.55
PMK1.09 114 0.64 0.50
PMK1.09 115 0.52 0.45
PMK1.09 116 0.74 0.56
PMK1.09 117 0.55 0.45
PMK1.09 118 0.67 0.60
PMK1.09 119 0.59 0.46
PMK1.09 120 0.90 0.75
PMK1.09 121 0.80 0.68
PMK1.09 122 0.58 0.50
PMK1.09 123 0.62 0.49
PMK1.09 124 0.50 0.39
PMK1.09 125 0.57 0.49
PMK1.09 126 0.52 0.48
PMK1.09 127 0.60 0.49
PMK1.09 128 0.75 0.64
PMK1.09 129 0.61 0.53
PMK1.09 130 0.63 0.59
PMK1.09 131 0.55 0.49
PMK1.10 1 1.05 0.91
PMK1.10 2 0.90 0.77
PMK1.10 3 1.00 0.86
PMK1.10 4 0.83 0.65
PMK1.10 5 0.87 0.78
PMK1.10 6 0.68 0.56
PMK1.10 7 0.86 0.66
PMK1.10 8 0.87 0.71
PMK1.10 9 0.85 0.67
PMK1.10 10 0.53 0.46
PMK1.10 11 0.67 0.56
PMK1.10 12 0.64 0.53
Site Clam#
Length
(mm)
Width
(mm)
PMK2.03 2 2.26 1.72
PMK2.03 3 3.66 2.76
PMK2.03 4 3.44 2.46
PMK2.03 5 2.55 1.99
PMK2.03 6 3.84 2.82
PMK2.03 7 2.56 2.06
PMK2.03 8 2.91 2.30
PMK2.03 9 3.07 2.36
PMK2.03 10 1.94 1.54
PMK2.03 11 3.80 2.88
PMK2.03 12 2.93 2.18
PMK2.03 13 0.65 0.56
PMK2.03 14 0.79 0.68
PMK2.03 15 0.56 0.52
PMK2.03 16 0.78 0.65
PMK2.03 17 0.77 0.69
PMK2.03 18 0.84 0.77
PMK2.03 19 0.91 0.70
PMK2.03 20 1.16 0.90
PMK2.03 21 0.75 0.66
PMK2.03 22 0.77 0.61
PMK2.03 23 0.76 0.60
PMK2.03 24 0.85 0.67
PMK2.03 25 0.86 0.65
PMK2.04 1 20.07 19.30
PMK2.04 2 4.38 3.00
PMK2.04 3 2.40 1.89
PMK2.04 4 3.64 2.82
PMK2.04 5 2.98 2.37
PMK2.04 6 2.07 1.71
PMK2.04 7 2.35 1.74
PMK2.04 8 3.34 2.42
PMK2.04 9 1.85 1.34
PMK2.04 10 3.08 2.30
PMK2.04 11 3.94 2.74
PMK2.04 12 2.07 1.69
PMK2.04 13 2.39 1.91
PMK2.04 14 1.95 1.50
PMK2.04 15 1.85 1.55
PMK2.04 16 2.84 2.24
PMK2.04 17 2.07 1.66
PMK2.04 18 1.25 1.08
PMK2.04 19 1.24 0.86
PMK2.04 20 1.79 1.42
PMK2.04 21 0.79 0.69
Site Clam#
Length
(mm)
Width
(mm)
PMK2.01 1 3.30 2.54
PMK2.01 2 3.20 2.51
PMK2.01 3 3.25 2.44
PMK2.01 4 3.19 2.46
PMK2.01 5 3.64 2.86
PMK2.01 6 4.21 3.30
PMK2.01 7 4.78 3.75
PMK2.01 8 3.25 2.43
PMK2.01 9 3.22 2.37
PMK2.01 10 2.12 1.56
PMK2.01 11 3.49 2.69
PMK2.01 12 3.91 3.01
PMK2.01 13 2.82 2.15
PMK2.01 14 2.88 2.29
PMK2.01 15 3.67 2.88
PMK2.01 16 3.70 2.76
PMK2.01 17 3.29 2.64
PMK2.01 18 2.27 1.84
PMK2.01 19 2.21 1.72
PMK2.01 20 1.90 1.64
PMK2.01 21 2.00 1.69
PMK2.01 22 1.80 1.36
PMK2.01 23 1.67 1.39
PMK2.01 24 1.71 1.46
PMK2.01 25 0.90 0.77
PMK2.01 26 1.06 0.91
PMK2.01 27 0.95 0.83
PMK2.01 28 0.84 0.69
PMK2.01 29 1.04 0.94
PMK2.01 30 1.00 0.85
PMK2.01 31 0.71 0.59
PMK2.01 32 0.58 0.47
PMK2.01 33 0.83 0.71
PMK2.01 34 0.91 0.77
PMK2.01 35 0.60 0.54
PMK2.01 36 0.81 0.62
PMK2.01 37 1.00 0.87
PMK2.01 38 0.51 0.45
PMK2.02 1 6.32 4.78
PMK2.02 2 1.97 1.53
PMK2.02 3 2.17 1.56
PMK2.02 4 2.63 2.00
PMK2.02 5 1.60 1.31
PMK2.02 6 2.84 2.06
PMK2.03 1 4.50 3.43
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Site Clam#
Length
(mm)
Width
(mm)
PMK2.04 22 0.99 0.86
PMK2.04 23 0.85 0.65
PMK2.04 24 0.75 0.66
PMK2.04 25 0.82 0.75
PMK2.04 26 0.81 0.69
PMK2.04 27 0.99 0.72
PMK2.04 28 0.80 0.70
PMK2.04 29 0.95 0.86
PMK2.04 30 0.82 0.59
PMK2.04 31 0.87 0.73
PMK2.04 32 1.09 0.91
PMK2.04 33 0.94 0.80
PMK2.04 34 1.33 1.09
PMK2.04 35 0.78 0.67
PMK2.04 36 0.74 0.64
PMK2.04 37 0.68 0.50
PMK2.04 38 0.70 0.57
PMK2.04 39 0.82 0.66
PMK2.04 40 0.68 0.63
PMK2.04 41 0.74 0.63
PMK2.04 42 0.65 0.51
PMK2.04 43 0.76 0.69
PMK2.04 44 0.67 0.52
PMK2.04 45 0.75 0.58
PMK2.04 46 0.63 0.51
PMK2.04 47 0.51 0.42
PMK2.04 48 0.68 0.63
PMK2.04 49 0.67 0.64
PMK2.04 50 0.59 0.49
PMK2.04 51 0.76 0.64
PMK2.04 52 0.56 0.43
PMK2.04 53 0.85 0.68
PMK2.04 54 0.67 0.59
PMK2.04 55 0.63 0.57
PMK2.04 56 0.68 0.56
PMK2.04 57 0.70 0.66
PMK2.04 58 0.84 0.66
PMK2.04 59 0.68 0.57
PMK2.04 60 0.62 0.56
PMK2.04 61 0.72 0.60
PMK.2.04 62 0.66 0.51
PMK2.04 63 0.86 0.65
PMK2.04 64 0.72 0.56
PMK2.04 65 0.52 0.38
PMK2.04 66 0.64 0.59
Site
Clam
#
Length
(mm)
Width
(mm)
PMK2.06 6 3.34 2.49
PMK2.06 7 3.73 2.92
PMK2.06 8 3.77 2.73
PMK2.06 9 3.70 2.83
PMK2.06 10 1.95 1.44
PMK2.06 11 3.31 2.48
PMK2.06 12 3.13 2.31
PMK2.06 13 2.56 1.97
PMK2.06 14 2.59 2.04
PMK2.06 15 2.46 1.89
PMK2.06 16 3.29 2.43
PMK2.06 17 2.90 2.23
PMK2.06 18 1.83 1.42
PMK2.06 19 2.48 1.87
PMK2.06 20 1.67 1.30
PMK2.06 21 2.23 1.78
PMK2.06 22 1.78 1.46
PMK2.06 23 1.52 1.19
PMK2.06 24 1.57 1.24
PMK2.06 25 0.78 0.67
PMK2.06 26 0.72 0.59
PMK2.06 27 0.75 0.65
PMK2.06 28 0.73 0.65
PMK2.06 29 0.81 0.67
PMK2.06 30 0.83 0.70
PMK2.06 31 0.83 0.63
PMK2.06 32 0.73 0.57
PMK2.06 33 0.84 0.76
PMK2.07 1 5.17 4.12
PMK2.07 2 3.43 2.57
PMK2.07 3 3.91 2.99
PMK2.07 4 2.40 1.84
PMK2.07 5 3.55 2.69
PMK2.07 6 3.94 2.94
PMK2.07 7 4.06 3.10
PMK2.07 8 3.09 2.41
PMK2.07 9 1.29 1.05
PMK2.07 10 0.85 0.74
PMK2.07 11 0.87 0.75
PMK2.07 12 0.81 0.78
PMK2.07 13 0.75 0.67
PMK2.07 14 0.82 0.68
PMK2.07 15 0.83 0.74
PMK2.07 16 0.72 0.66
PMK2.07 17 0.85 0.74
Site Clam#
Length
(mm)
Width
(mm)
PMK2.04 67 0.55 0.45
PMK2.04 68 0.63 0.49
PMK2.04 69 0.57 0.44
PMK2.04 70 0.71 0.55
PMK2.04 71 0.65 0.58
PMK2.04 72 0.55 0.45
PMK2.05 1 8.76 7.35
PMK2.05 2 3.76 2.75
PMK2.05 3 3.94 3.01
PMK2.05 4 3.09 2.39
PMK2.05 5 2.23 1.70
PMK2.05 6 1.94 1.55
PMK2.05 7 3.56 2.71
PMK2.05 8 3.48 2.71
PMK2.05 9 3.86 2.91
PMK2.05 10 3.88 2.91
PMK2.05 11 3.02 2.39
PMK2.05 12 1.81 1.37
PMK2.05 13 2.62 2.05
PMK2.05 14 2.99 2.34
PMK2.05 15 3.76 2.81
PMK2.05 16 3.34 2.69
PMK2.05 17 2.67 2.01
PMK2.05 18 1.42 1.13
PMK2.05 19 1.41 1.18
PMK2.05 20 0.77 0.68
PMK2.05 21 0.80 0.71
PMK2.05 22 1.00 0.87
PMK2.05 23 0.98 0.83
PMK2.05 24 0.77 0.63
PMK2.05 25 0.84 0.71
PMK2.05 26 0.70 0.59
PMK2.05 27 0.64 0.55
PMK2.05 28 0.75 0.62
PMK2.05 29 0.73 0.60
PMK2.05 30 0.80 0.69
PMK2.05 31 0.77 0.69
PMK2.05 32 0.67 0.56
PMK2.05 33 0.59 0.46
PMK2.05 34 0.63 0.52
PMK2.06 1 8.26 6.72
PMK2.06 2 4.41 3.31
PMK2.06 3 3.99 2.95
PMK2.06 4 3.84 3.04
PMK2.06 5 3.94 3.04
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Site Clam#
Length
(mm)
Width
(mm)
PMK2.09 3 9.81 7.90
PMK2.09 4 9.34 7.56
PMK2.09 5 9.96 8.22
PMK2.09 6 7.80 6.16
PMK2.09 7 7.51 5.81
PMK2.09 8 4.25 3.20
PMK2.09 9 3.15 2.41
PMK2.09 10 2.55 1.79
PMK2.09 11 1.83 1.39
PMK2.09 12 3.71 2.86
PMK2.09 13 2.94 2.19
PMK2.09 14 4.17 3.14
PMK2.09 15 3.98 2.95
PMK2.09 16 4.62 3.35
PMK2.09 17 3.77 2.91
PMK2.09 18 3.42 2.51
PMK2.09 19 4.37 3.17
PMK2.09 20 4.09 3.05
PMK2.09 21 4.11 3.12
PMK2.09 22 4.82 3.51
PMK2.09 23 4.44 3.35
PMK2.09 24 3.75 2.74
PMK2.09 25 4.14 3.04
PMK2.09 26 1.32 1.05
PMK2.09 27 1.07 0.90
PMK2.09 28 1.13 0.96
PMK2.09 29 0.72 0.68
PMK2.09 30 0.78 0.67
PMK2.09 31 0.90 0.74
PMK2.09 32 0.85 0.75
PMK2.09 33 0.97 0.86
PMK2.09 34 0.82 0.71
PMK2.09 35 0.80 0.68
PMK2.09 36 0.81 0.74
PMK2.09 37 0.85 0.72
PMK2.09 38 0.83 0.68
PMK2.10 1 19.75 18.04
PMK2.10 2 20.31 18.13
PMK2.10 3 15.67 14.29
PMK2.10 4 12.32 10.63
PMK2.10 5 10.90 9.29
PMK2.10 6 9.34 7.99
PMK2.10 7 9.62 8.11
PMK2.10 8 9.18 7.71
PMK2.10 9 9.04 7.40
Site
Clam
#
Length
(mm)
Width
(mm)
PMK2.07 18 0.81 0.64
PMK2.08 1 14.50 13.03
PMK2.08 2 12.90 11.91
PMK2.08 3 12.74 11.21
PMK2.08 4 13.92 12.73
PMK2.08 5 9.30 7.79
PMK2.08 6 8.47 6.63
PMK2.08 7 7.69 6.53
PMK2.08 8 7.30 5.94
PMK2.08 9 7.19 5.69
PMK2.08 10 10.47 9.29
PMK2.08 11 7.94 6.14
PMK2.08 12 8.25 6.63
PMK2.08 13 7.31 6.08
PMK2.08 14 6.35 5.26
PMK2.08 15 4.62 3.60
PMK2.08 16 4.02 2.92
PMK2.08 17 3.67 2.79
PMK2.08 18 2.81 2.12
PMK2.08 19 3.11 2.39
PMK2.08 20 3.23 2.63
PMK2.08 21 3.80 2.91
PMK2.08 22 4.02 3.19
PMK2.08 23 3.89 3.03
PMK2.08 24 3.52 2.67
PMK2.08 25 3.27 2.43
PMK2.08 26 3.32 2.53
PMK2.08 27 2.91 2.22
PMK2.08 28 3.21 2.48
PMK2.08 29 2.88 2.25
PMK2.08 30 2.93 2.35
PMK2.08 31 2.85 2.11
PMK2.08 32 2.53 1.94
PMK2.08 33 1.89 1.53
PMK2.08 34 3.12 2.42
PMK2.08 35 1.72 1.36
PMK2.08 36 1.90 1.50
PMK2.08 37 1.23 1.03
PMK2.08 38 2.26 1.93
PMK2.08 39 2.00 1.59
PMK2.08 40 0.95 0.78
PMK2.08 41 0.79 0.72
PMK2.08 42 0.73 0.65
PMK2.09 1 21.79 20.25
PMK2.09 2 14.70 13.52
Site
Clam
#
Length
(mm)
Width
(mm)
PMK2.10 10 7.19 5.87
PMK2.10 11 6.67 5.31
PMK2.10 12 4.52 3.55
PMK2.10 13 3.83 2.89
PMK2.10 14 3.60 2.55
PMK2.10 15 4.23 3.14
PMK2.10 16 2.24 1.68
PMK2.10 17 3.34 2.49
PMK2.10 18 3.14 2.40
PMK2.10 19 2.31 1.89
PMK2.10 20 1.52 1.12
PMK2.10 21 1.51 1.18
PMK2.10 22 0.88 0.72
PMK2.10 23 0.98 0.80
PMK2.10 24 0.88 0.83
PMK2.10 25 0.83 0.68
PMK2.10 26 0.79 0.66
PMK2.10 27 0.89 0.68
PMK3.01 1 4.05 3.02
PMK3.01 2 2.82 1.99
PMK3.01 3 3.43 2.57
PMK3.01 4 1.73 1.32
PMK3.01 5 1.10 0.88
PMK3.01 6 1.01 0.81
PMK3.01 7 1.45 1.10
PMK3.01 8 1.17 0.99
PMK3.01 9 1.60 1.45
PMK3.01 10 1.14 0.89
PMK3.01 11 1.10 0.87
PMK3.01 12 1.60 1.28
PMK3.01 13 1.26 0.94
PMK3.01 14 1.20 0.94
PMK3.01 15 1.16 0.91
PMK3.01 16 1.15 0.91
PMK3.01 17 0.99 0.80
PMK3.01 18 0.79 0.57
PMK3.01 19 0.64 0.54
PMK3.01 20 0.98 0.88
PMK3.01 21 0.98 0.82
PMK3.01 22 0.63 0.47
PMK3.01 23 0.88 0.69
PMK3.01 24 0.90 0.79
PMK3.01 25 0.85 0.61
PMK3.01 26 0.88 0.69
PMK3.01 27 0.85 0.60
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Site
Clam
#
Length
(mm)
Width
(mm)
PMK3.01 28 0.63 0.45
PMK3.01 29 0.89 0.67
PMK3.01 30 0.98 0.68
PMK3.01 31 0.81 0.65
PMK3.01 32 0.72 0.55
PMK3.01 33 0.92 0.71
PMK3.01 34 0.84 0.64
PMK3.01 35 1.03 0.76
PMK3.01 36 0.92 0.73
PMK3.01 37 0.90 0.66
PMK3.01 38 0.81 0.64
PMK3.01 39 0.94 0.71
PMK3.01 40 0.84 0.65
PMK3.01 41 0.99 0.71
PMK3.01 42 0.75 0.58
PMK3.01 43 0.77 0.56
PMK3.01 44 0.64 0.50
PMK3.01 45 0.68 0.48
PMK3.01 46 0.66 0.56
PMK3.01 47 0.69 0.59
PMK3.01 48 0.74 0.45
PMK3.01 49 0.61 0.46
PMK3.01 50 0.66 0.43
PMK3.02 1 0.92 0.79
PMK3.02 2 1.67 1.40
PMK3.02 3 1.17 0.97
PMK3.02 4 0.81 0.69
PMK3.03 1 4.39 3.18
PMK3.03 2 2.80 2.13
PMK3.03 3 3.67 2.77
PMK3.03 4 2.14 1.77
PMK3.03 5 2.42 1.74
PMK3.03 6 2.06 1.63
PMK3.03 7 2.70 2.04
PMK3.03 8 1.81 1.48
PMK3.03 9 2.21 1.75
PMK3.03 10 1.70 1.29
PMK3.03 11 1.44 1.08
PMK3.03 12 1.52 1.25
PMK3.03 13 1.38 1.19
PMK3.03 14 1.53 1.10
PMK3.03 15 1.63 1.20
PMK3.03 16 1.33 1.01
PMK3.03 17 1.16 1.00
PMK3.03 18 1.32 1.12
Site Clam#
Length
(mm)
Width
(mm)
PMK3.03 19 1.29 1.00
PMK3.03 20 0.94 0.83
PMK3.03 21 1.33 1.07
PMK3.03 22 1.20 0.95
PMK3.03 23 0.83 0.71
PMK3.03 24 0.84 0.75
PMK3.03 25 0.87 0.75
PMK3.03 26 0.85 0.76
PMK3.03 27 0.70 0.58
PMK3.03 28 0.71 0.52
PMK3.03 29 0.72 0.54
PMK3.03 30 0.59 0.47
PMK3.03 31 0.60 0.51
PMK3.04 1 3.47 2.72
PMK3.04 2 1.62 1.41
PMK3.04 3 1.07 0.91
PMK3.05 1 3.64 2.78
PMK3.05 2 3.02 2.31
PMK3.05 3 1.86 1.47
PMK3.05 4 1.59 1.30
PMK3.05 5 1.88 1.55
PMK3.05 6 1.52 1.26
PMK3.05 7 1.35 1.07
PMK3.05 8 0.80 0.77
PMK3.05 9 1.16 1.00
PMK3.06 1 3.40 2.59
PMK3.06 2 3.30 2.40
PMK3.06 3 2.41 2.01
PMK3.06 4 2.07 1.71
PMK3.06 5 2.12 1.64
PMK3.06 6 2.13 1.64
PMK3.06 7 1.14 0.98
PMK3.06 8 0.99 0.85
PMK3.06 9 0.85 0.76
PMK3.06 10 1.05 0.92
PMK3.06 11 0.95 0.86
PMK3.06 12 0.81 0.69
PMK3.06 13 0.86 0.74
PMK3.06 14 0.91 0.83
PMK3.06 15 0.82 0.77
PMK3.06 16 0.71 0.67
PMK3.07 1 1.83 1.41
PMK3.07 2 1.1 0.91
PMK3.08 1 1.25 1.10
PMK3.08 2 0.73 0.64
Site Clam#
Length
(mm)
Width
(mm)
PMK3.08 3 0.82 0.70
PMK3.08 4 1.11 0.93
PMK3.08 5 1.20 0.97
PMK3.08 6 0.75 0.61
PMK3.08 7 0.83 0.70
PMK3.09 1 0.99 0.82
PMK3.10 1 1.79 1.45
PMK4.02 1 0.74 0.59
PMK4.03 1 1.2 1.05
PMK4.05 1 5.02 3.57
PMK4.05 2 2.60 1.97
PMK4.05 3 2.30 1.87
PMK4.05 4 1.26 1.09
PMK4.05 5 1.94 1.55
PMK4.05 6 1.34 1.10
PMK4.05 7 0.81 0.75
PMK4.06 1 1.17 1.06
PMK4.07 1 1.11 0.95
PMK4.07 2 1.49 1.22
PMK4.07 3 1.37 1.12
PMK4.07 4 0.91 0.77
PMK4.07 5 1.30 1.03
PMK4.07 6 4.40 3.56
PMK4.07 7 0.85 0.69
PMK4.07 8 0.81 0.66
PMK4.07 9 1.34 1.15
PMK4.07 10 1.20 1.00
PMK4.07 11 0.83 0.70
PMK4.07 12 0.94 0.79
PMK4.08 1 0.94 0.80
PMK4.08 2 0.93 0.67
PMK4.09 1 1.23 1.04
PMK4.09 2 0.83 0.71
PMK4.09 3 0.77 0.66
PMK4.10 1 0.99 0.85
PMK4.10 2 0.84 0.79
PMK4.10 3 0.85 0.74
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Appendix 12. C.fluminea size data for Pamunkey River 2012 survey. Shell length (mm) 
measured anterior to posterior, shell width (mm) measured dorsal to ventral.
Site Clam#
Length
(mm)
Width
(mm)
PMK1.01 1 3.68 2.91
PMK1.01 2 4.00 3.13
PMK1.01 3 3.19 2.52
PMK1.01 4 2.73 2.21
PMK1.01 5 2.50 2.02
PMK1.01 6 2.83 2.27
PMK1.01 7 2.88 2.33
PMK1.01 8 3.36 2.75
PMK1.01 9 1.87 1.61
PMK1.01 10 1.42 1.13
PMK1.01 11 1.20 1.04
PMK1.01 12 1.36 1.07
PMK1.01 13 1.05 0.90
PMK1.01 14 0.92 0.79
PMK1.01 15 0.74 0.67
PMK1.01 16 1.07 0.88
PMK1.01 17 1.01 0.91
PMK1.01 18 0.86 0.75
PMK1.01 19 1.13 0.89
PMK1.01 20 0.77 0.67
PMK1.01 21 0.99 0.84
PMK1.02 1 4.04 3.26
PMK1.02 2 3.29 2.60
PMK1.02 3 2.87 2.24
PMK1.02 4 3.19 2.51
PMK1.02 5 3.64 2.78
PMK1.02 6 1.45 1.21
PMK1.02 7 1.23 1.03
PMK1.02 8 1.34 1.07
PMK1.02 9 1.17 1.03
PMK1.02 10 0.99 0.81
PMK1.02 11 1.31 1.12
PMK1.02 12 2.97 2.18
PMK1.02 13 2.91 2.27
PMK1.02 14 2.77 2.29
PMK1.02 15 2.21 1.83
PMK1.02 16 1.39 1.18
PMK1.02 17 0.99 0.84
PMK1.02 18 0.80 0.73
PMK1.02 19 1.02 0.86
PMK1.02 20 1.05 0.94
PMK1.02 21 1.01 0.86
PMK1.02 22 1.03 0.81
PMK1.02 23 1.11 0.93
PMK1.02 24 1.04 0.91
Site Clam#
Length
(mm)
Width
(mm)
PMK1.02 25 1.03 0.87
PMK1.02 26 1.02 0.93
PMK1.02 27 1.11 0.97
PMK1.02 28 1.00 0.92
PMK1.02 29 1.06 0.90
PMK1.02 30 1.25 1.08
PMK1.02 31 1.09 0.93
PMK1.02 32 0.89 0.75
PMK1.02 33 0.69 0.62
PMK1.02 34 0.67 0.54
PMK1.02 35 0.59 0.45
PMK1.03 1 4.31 3.38
PMK1.03 2 3.36 2.64
PMK1.03 3 2.67 2.07
PMK1.03 4 1.61 1.34
PMK1.03 5 1.34 1.01
PMK1.03 6 1.41 1.19
PMK1.03 7 1.11 0.94
PMK1.03 8 0.97 0.83
PMK1.03 9 0.92 0.81
PMK1.03 10 0.93 0.78
PMK1.03 11 1.19 0.98
PMK1.03 12 0.84 0.75
PMK1.04 1 7.58 6.53
PMK1.04 2 5.12 4.18
PMK1.04 3 3.82 2.98
PMK1.04 4 1.48 1.12
PMK1.04 5 1.29 1.10
PMK1.04 6 1.41 1.14
PMK1.04 7 1.55 1.35
PMK1.04 8 1.60 1.34
PMK1.04 9 1.55 1.29
PMK1.04 10 1.34 1.08
PMK1.04 11 1.59 1.30
PMK1.04 12 2.25 1.85
PMK1.04 13 1.72 1.38
PMK1.04 14 1.23 1.06
PMK1.04 15 1.01 0.84
PMK1.04 16 1.06 0.92
PMK1.04 17 1.31 1.11
PMK1.04 18 1.16 0.89
PMK1.04 19 1.07 0.93
PMK1.04 20 1.26 1.15
PMK1.04 21 1.34 1.10
PMK1.04 22 1.21 0.93
Site Clam#
Length
(mm)
Width
(mm)
PMK1.04 23 1.17 1.01
PMK1.04 24 1.17 0.98
PMK1.04 25 1.14 0.97
PMK1.04 26 1.32 1.14
PMK1.04 27 0.94 0.81
PMK1.04 28 1.32 1.12
PMK1.04 29 1.27 1.07
PMK1.04 30 0.96 0.84
PMK1.04 31 1.04 0.85
PMK1.04 32 1.13 0.93
PMK1.04 33 1.21 1.06
PMK1.04 34 1.16 0.87
PMK1.04 35 0.98 0.76
PMK1.04 36 1.21 1.01
PMK1.04 37 0.94 0.76
PMK1.04 38 1.11 0.85
PMK1.04 39 0.99 0.91
PMK1.04 40 0.78 0.78
PMK1.04 41 0.79 0.66
PMK1.04 42 0.88 0.73
PMK1.04 43 0.83 0.75
PMK1.04 44 0.81 0.67
PMK1.04 45 0.76 0.63
PMK1.04 46 0.94 0.76
PMK1.04 47 0.99 0.82
PMK1.05 1 3.85 3.21
PMK1.05 2 3.50 2.78
PMK1.05 3 1.50 1.27
PMK1.05 4 1.40 1.22
PMK1.05 5 1.28 1.09
PMK1.05 6 1.15 0.96
PMK1.05 7 1.24 1.07
PMK1.05 8 1.57 1.25
PMK1.05 9 1.71 1.38
PMK1.05 10 1.28 1.05
PMK1.05 11 1.75 1.41
PMK1.05 12 1.08 0.94
PMK1.05 13 0.84 0.69
PMK1.05 14 0.91 0.80
PMK1.05 15 1.05 0.91
PMK1.05 16 0.86 0.74
PMK1.05 17 1.10 0.93
PMK1.05 18 1.25 1.03
PMK1.05 19 1.11 0.93
PMK1.05 20 1.06 0.89
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Site
Clam
#
Length
(mm)
Width
(mm)
PMK1.05 21 1.01 0.78
PMK1.05 22 0.77 0.67
PMK1.05 23 1.22 1.10
PMK1.05 24 1.03 0.82
PMK1.05 25 0.77 0.65
PMK1.05 26 0.77 0.61
PMK1.05 27 0.71 0.67
PMK1.05 28 0.92 0.82
PMK1.05 29 0.80 0.59
PMK1.05 30 0.59 0.55
PMK1.05 31 0.87 0.76
PMK1.05 32 0.62 0.53
PMK1.05 33 0.52 0.44
PMK1.06 1 6.20 5.59
PMK1.06 2 4.04 3.21
PMK1.06 3 3.46 2.81
PMK1.06 4 2.59 2.18
PMK1.06 5 2.13 1.68
PMK1.06 6 2.76 2.22
PMK1.06 7 2.85 2.27
PMK1.06 8 3.75 2.97
PMK1.06 9 1.24 1.09
PMK1.06 10 1.53 1.28
PMK1.06 11 1.29 1.17
PMK1.06 12 1.34 1.18
PMK1.06 13 1.68 1.42
PMK1.06 14 1.25 1.06
PMK1.06 15 1.32 1.10
PMK1.06 16 1.30 1.17
PMK1.06 17 1.41 1.22
PMK1.06 18 1.65 1.34
PMK1.06 19 1.40 1.14
PMK1.06 20 1.55 1.29
PMK1.06 21 2.32 1.90
PMK1.06 22 0.93 0.83
PMK1.06 23 0.93 0.71
PMK1.06 24 0.88 0.81
PMK1.06 25 1.09 0.97
PMK1.06 26 0.88 0.76
PMK1.06 27 0.87 0.71
PMK1.06 28 1.14 1.03
PMK1.06 29 1.31 1.09
PMK1.06 30 1.01 0.86
PMK1.06 31 1.09 0.92
PMK1.06 32 1.31 1.10
Site Clam#
Length
(mm)
Width
(mm)
PMK1.06 33 1.00 0.75
PMK1.06 34 0.95 0.75
PMK1.06 35 1.04 0.83
PMK1.06 36 1.45 1.22
PMK1.06 37 0.89 0.75
PMK1.06 38 0.93 0.65
PMK1.07 1 2.37 1.89
PMK1.07 2 2.20 1.78
PMK1.07 3 2.11 1.72
PMK1.07 4 1.86 1.54
PMK1.07 5 1.94 1.64
PMK1.07 6 1.64 1.35
PMK1.07 7 1.87 1.51
PMK1.07 8 2.12 1.70
PMK1.07 9 1.63 1.32
PMK1.07 10 1.59 1.24
PMK1.07 11 1.40 1.15
PMK1.07 12 1.56 1.29
PMK1.07 13 1.63 1.35
PMK1.07 14 1.47 1.21
PMK1.07 15 1.20 1.02
PMK1.07 16 1.21 1.03
PMK1.07 17 1.63 1.33
PMK1.07 18 1.71 1.38
PMK1.07 19 1.50 1.24
PMK1.07 20 1.28 0.99
PMK1.07 21 1.26 0.96
PMK1.07 22 1.34 1.05
PMK1.07 23 1.28 1.07
PMK1.07 24 1.36 1.11
PMK1.07 25 1.37 1.09
PMK1.07 26 1.16 0.99
PMK1.07 27 1.24 1.01
PMK1.07 28 1.40 1.16
PMK1.07 29 1.26 1.08
PMK1.07 30 1.37 1.14
PMK1.07 31 1.50 1.20
PMK1.07 32 1.39 1.15
PMK1.07 33 1.28 1.11
PMK1.07 34 1.23 1.04
PMK1.07 35 1.16 0.98
PMK1.07 36 1.20 0.99
PMK1.07 37 1.30 1.10
PMK1.07 38 1.23 0.99
PMK1.07 39 1.12 0.93
Site Clam#
Length
(mm)
Width
(mm)
PMK1.07 40 1.01 0.86
PMK1.07 41 1.10 0.88
PMK1.07 42 0.99 0.77
PMK1.07 43 0.79 0.73
PMK1.07 44 0.96 0.82
PMK1.07 45 1.08 0.91
PMK1.07 46 1.06 0.93
PMK1.07 47 0.84 0.75
PMK1.07 48 0.82 0.76
PMK1.07 49 0.93 0.76
PMK1.07 50 0.82 0.73
PMK1.07 51 0.74 0.63
PMK1.07 52 0.84 0.73
PMK1.07 53 0.87 0.72
PMK1.07 54 0.85 0.72
PMK1.07 55 0.86 0.81
PMK1.08 1 1.81 1.53
PMK1.08 2 1.53 1.25
PMK1.08 3 1.88 1.59
PMK1.08 4 1.35 1.11
PMK1.08 5 1.58 1.33
PMK1.08 6 1.52 1.29
PMK1.08 7 1.79 1.45
PMK1.08 8 1.44 1.20
PMK1.08 9 2.21 1.71
PMK1.08 10 1.93 1.56
PMK1.08 11 1.47 1.28
PMK1.08 12 1.26 1.03
PMK1.08 13 1.31 1.10
PMK1.08 14 1.42 1.21
PMK1.08 15 1.16 0.99
PMK1.08 16 1.25 1.08
PMK1.08 17 1.33 1.11
PMK1.08 18 1.30 1.10
PMK1.08 19 1.30 1.15
PMK1.08 20 1.29 1.09
PMK1.08 21 1.37 1.15
PMK1.08 22 1.34 1.08
PMK1.08 23 1.40 1.18
PMK1.08 24 1.19 0.99
PMK1.08 25 1.31 1.13
PMK1.08 26 0.97 0.77
PMK1.08 27 0.81 0.64
PMK1.08 28 0.88 0.81
PMK1.08 29 0.76 0.68
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Site Clam#
Length
(mm)
Width
(mm)
PMK1.08 30 1.17 0.95
PMK1.08 31 0.89 0.78
PMK1.08 32 0.92 0.79
PMK1.08 33 0.76 0.66
PMK1.08 34 0.78 0.58
PMK1.08 35 0.79 0.65
PMK1.08 36 0.75 0.66
PMK1.08 37 0.92 0.78
PMK1.08 38 0.85 0.78
PMK1.08 39 0.86 0.71
PMK1.08 40 0.57 0.46
PMK1.08 41 0.61 0.52
PMK1.08 42 0.59 0.47
PMK1.08 43 0.69 0.59
PMK1.09 1 6.72 5.52
PMK1.09 2 3.51 2.84
PMK1.09 3 2.60 3.10
PMK1.09 4 4.60 3.43
PMK1.09 5 4.07 2.97
PMK1.09 6 3.14 2.45
PMK1.09 7 2.89 2.17
PMK1.09 8 1.84 1.39
PMK1.09 9 1.29 1.04
PMK1.09 10 1.40 1.12
PMK1.09 11 1.32 1.06
PMK1.09 12 1.77 1.37
PMK1.09 13 1.41 1.09
PMK1.09 14 1.28 1.07
PMK1.09 15 1.79 1.44
PMK1.09 16 1.84 1.51
PMK1.09 17 1.48 1.21
PMK1.09 18 1.47 1.17
PMK1.09 19 1.25 1.02
PMK1.09 20 1.19 0.95
PMK1.09 21 1.83 1.44
PMK1.09 22 1.75 1.32
PMK1.09 23 1.46 1.17
PMK1.09 24 1.61 1.21
PMK1.09 25 1.58 1.24
PMK1.09 26 2.11 1.67
PMK1.09 27 1.81 1.36
PMK1.09 28 1.72 1.31
PMK1.09 29 1.49 1.24
PMK1.09 30 1.64 1.31
PMK1.09 31 1.83 1.49
Site Clam#
Length
(mm)
Width
(mm)
PMK1.09 32 1.66 1.36
PMK1.09 33 1.34 1.19
PMK1.09 34 0.85 0.69
PMK1.09 35 1.00 0.84
PMK1.09 36 1.24 0.96
PMK1.09 37 1.48 1.18
PMK1.09 38 1.37 1.17
PMK1.09 39 1.20 1.00
PMK1.09 40 0.94 0.85
PMK1.09 41 0.91 0.78
PMK1.09 42 0.87 0.79
PMK1.09 43 1.09 1.03
PMK1.09 44 0.95 0.82
PMK1.09 45 0.84 0.73
PMK1.09 46 0.98 0.82
PMK1.10 1 6.08 4.92
PMK1.10 2 4.53 3.56
PMK1.10 3 3.50 2.65
PMK1.10 4 3.91 3.08
PMK1.10 5 2.15 1.72
PMK1.10 6 1.93 1.59
PMK1.10 7 1.78 1.54
PMK1.10 8 1.25 1.11
PMK1.10 9 1.40 1.17
PMK1.10 10 1.51 1.21
PMK1.10 11 1.46 1.22
PMK1.10 12 1.55 1.33
PMK1.10 13 1.33 1.09
PMK1.10 14 1.47 1.23
PMK1.10 15 1.46 1.30
PMK1.10 16 1.38 1.16
PMK1.10 17 1.66 1.37
PMK1.10 18 1.27 1.08
PMK1.10 19 1.33 1.15
PMK1.10 20 1.19 0.99
PMK1.10 21 1.15 0.99
PMK1.10 22 1.27 1.02
PMK1.10 23 1.07 0.92
PMK1.10 24 1.08 0.93
PMK1.10 25 1.19 1.07
PMK1.10 26 1.26 1.07
PMK1.10 27 1.16 0.99
PMK1.10 28 1.17 0.98
PMK1.10 29 1.23 1.00
PMK1.10 30 1.23 0.96
Site Clam#
Length
(mm)
Width
(mm)
PMK1.10 31 1.27 1.02
PMK1.10 32 1.30 1.03
PMK1.10 33 1.15 1.02
PMK1.10 34 1.19 1.03
PMK1.10 35 0.99 0.83
PMK1.10 36 0.96 0.84
PMK1.10 37 1.29 0.97
PMK1.10 38 0.84 0.67
PMK1.10 39 0.64 0.48
PMK2.01 1 9.44 8.29
PMK2.01 2 5.64 4.55
PMK2.01 3 4.63 3.66
PMK2.01 4 3.12 2.41
PMK2.01 5 2.70 2.12
PMK2.01 6 5.24 4.08
PMK2.01 7 4.26 3.39
PMK2.01 8 3.72 2.90
PMK2.01 9 3.73 2.83
PMK2.01 10 3.67 2.81
PMK2.01 11 3.52 2.85
PMK2.01 12 4.01 3.22
PMK2.01 13 4.12 3.23
PMK2.01 14 3.37 2.48
PMK2.01 15 4.30 3.29
PMK2.01 16 4.13 3.30
PMK2.01 17 2.21 1.64
PMK2.01 18 2.03 1.69
PMK2.01 19 1.89 1.56
PMK2.01 20 1.63 1.39
PMK2.01 21 1.66 1.38
PMK2.01 22 1.62 1.34
PMK2.01 23 1.52 1.24
PMK2.01 24 1.37 1.12
PMK2.01 25 1.13 0.96
PMK2.01 26 1.45 1.21
PMK2.01 27 1.37 1.10
PMK2.01 28 1.27 1.04
PMK2.01 29 1.46 1.22
PMK2.01 30 1.26 1.09
PMK2.01 31 1.19 1.07
PMK2.01 32 1.18 0.97
PMK2.01 33 1.61 1.26
PMK2.01 34 0.80 0.73
PMK2.01 35 0.92 0.75
PMK2.01 36 1.15 0.96
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Site Clam#
Length
(mm)
Width
(mm)
PMK2.05 10 2.08 1.66
PMK2.05 11 2.34 1.82
PMK2.05 12 1.82 1.45
PMK2.05 13 1.99 1.57
PMK2.05 14 1.79 1.47
PMK2.05 15 1.87 1.47
PMK2.05 16 1.75 1.45
PMK2.05 17 1.86 1.50
PMK2.05 18 1.75 1.40
PMK2.05 19 1.62 1.31
PMK2.05 20 1.71 1.42
PMK2.05 21 1.56 1.25
PMK2.05 22 1.54 1.29
PMK2.05 23 2.06 1.67
PMK2.05 24 1.40 1.17
PMK2.05 25 1.54 1.33
PMK2.05 26 1.47 1.22
PMK2.05 27 1.34 1.13
PMK2.05 28 1.05 0.89
PMK2.05 29 1.29 1.13
PMK2.05 30 1.11 0.89
PMK2.05 31 1.17 0.97
PMK2.05 32 1.14 1.01
PMK2.05 33 1.37 1.09
PMK2.05 34 0.99 0.85
PMK2.05 35 1.01 0.87
PMK2.05 36 1.09 0.90
PMK2.05 37 1.25 1.05
PMK2.05 38 1.08 0.95
PMK2.05 39 1.31 1.11
PMK2.05 40 0.71 0.60
PMK2.05 41 1.00 0.91
PMK2.05 42 0.87 0.73
PMK2.05 43 1.05 0.96
PMK2.05 44 1.08 0.91
PMK2.05 45 0.57 0.47
PMK2.05 46 0.88 0.78
PMK2.05 47 0.85 0.75
PMK2.05 48 0.70 0.58
PMK2.05 49 0.76 0.61
PMK2.05 50 0.94 0.81
PMK2.05 51 0.75 0.64
PMK2.05 52 1.06 0.91
PMK2.05 53 0.97 0.84
PMK2.05 54 0.86 0.77
Site Clam#
Length
(mm)
Width
(mm)
PMK2.01 37 1.17 0.93
PMK2.01 38 1.03 0.89
PMK2.02 1 8.77 7.59
PMK2.02 2 5.40 4.42
PMK2.02 3 6.54 4.93
PMK2.02 4 5.67 4.49
PMK2.02 5 4.18 3.28
PMK2.02 6 1.07 0.91
PMK2.02 7 1.23 1.04
PMK2.02 8 1.41 1.15
PMK2.02 9 0.74 0.67
PMK2.02 10 2.26 1.79
PMK2.02 11 0.85 0.75
PMK2.02 12 0.96 0.82
PMK2.02 13 0.97 0.82
PMK2.02 14 1.13 0.88
PMK2.03 1 5.20 4.31
PMK2.03 2 4.76 3.62
PMK2.03 3 2.00 1.49
PMK2.03 4 3.66 2.89
PMK2.03 5 2.22 1.69
PMK2.03 6 4.64 3.61
PMK2.03 7 3.45 2.67
PMK2.03 8 4.09 3.26
PMK2.03 9 3.55 2.88
PMK2.03 10 0.82 0.75
PMK2.03 11 1.29 1.01
PMK2.03 12 0.96 0.85
PMK2.03 13 0.90 0.71
PMK2.03 14 1.53 1.31
PMK2.03 15 1.26 1.07
PMK2.03 16 1.18 0.98
PMK2.03 17 1.40 1.19
PMK2.03 18 0.86 0.76
PMK2.03 19 0.77 0.64
PMK2.03 20 0.95 0.78
PMK2.03 21 0.73 0.68
PMK2.04 1 17.11 15.80
PMK2.04 2 2.06 1.62
PMK2.04 3 1.98 1.60
PMK2.04 4 2.24 1.83
PMK2.04 5 1.98 1.50
PMK2.04 6 1.66 1.40
PMK2.04 7 1.56 1.24
PMK2.04 8 1.83 1.55
Site Clam#
Length
(mm)
Width
(mm)
PMK2.04 9 1.54 1.27
PMK2.04 10 1.55 1.33
PMK2.04 11 1.47 1.27
PMK2.04 12 1.69 1.34
PMK2.04 13 2.14 1.75
PMK2.04 14 2.11 1.72
PMK2.04 15 1.24 0.96
PMK2.04 16 1.17 0.98
PMK2.04 17 1.36 1.12
PMK2.04 18 1.03 0.93
PMK2.04 19 1.14 0.98
PMK2.04 20 1.50 1.21
PMK2.04 21 1.29 1.08
PMK2.04 22 1.41 1.18
PMK2.04 23 1.40 1.18
PMK2.04 24 1.32 1.15
PMK2.04 25 1.48 1.26
PMK2.04 26 1.06 0.94
PMK2.04 27 1.31 1.10
PMK2.04 28 1.49 1.25
PMK2.04 29 1.21 0.99
PMK2.04 30 0.95 0.91
PMK2.04 31 1.03 0.84
PMK2.04 32 0.88 0.81
PMK2.04 33 0.81 0.76
PMK2.04 34 0.74 0.58
PMK2.04 35 1.01 0.83
PMK2.04 36 1.38 1.17
PMK2.04 37 0.70 0.64
PMK2.04 38 0.76 0.62
PMK2.04 39 1.06 0.87
PMK2.04 40 0.90 0.79
PMK2.04 41 0.83 0.71
PMK2.04 42 0.72 0.68
PMK2.04 43 1.05 0.97
PMK2.04 44 0.90 0.80
PMK2.05 1 10.99 9.84
PMK2.05 2 10.58 9.11
PMK2.05 3 10.92 9.39
PMK2.05 4 4.13 3.28
PMK2.05 5 4.75 3.78
PMK2.05 6 4.06 3.24
PMK2.05 7 3.43 2.66
PMK2.05 8 3.98 3.30
PMK2.05 9 2.97 2.32
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Site Clam#
Length
(mm)
Width
(mm)
PMK2.05 55 0.92 0.80
PMK2.05 56 0.81 0.68
PMK2.05 57 0.72 0.55
PMK2.05 58 0.88 0.77
PMK2.05 59 0.79 0.66
PMK2.05 60 0.76 0.73
PMK2.05 61 0.81 0.68
PMK2.06 1 21.78 20.13
PMK2.06 2 8.86 7.55
PMK2.06 3 1.47 1.23
PMK2.06 4 1.08 0.91
PMK2.06 5 1.05 0.83
PMK2.06 6 1.50 1.25
PMK2.06 7 0.93 0.78
PMK2.06 8 0.94 0.81
PMK2.06 9 1.54 1.28
PMK2.06 10 1.25 1.03
PMK2.06 11 1.25 1.05
PMK2.06 12 1.37 1.11
PMK2.06 13 1.03 0.81
PMK2.06 14 0.86 0.73
PMK2.06 15 0.73 0.66
PMK2.06 16 1.02 0.87
PMK2.06 17 0.84 0.75
PMK2.06 18 1.11 0.96
PMK2.06 19 0.98 0.81
PMK2.06 20 0.84 0.76
PMK2.06 21 0.81 0.67
PMK2.06 22 0.89 0.73
PMK2.06 23 0.85 0.66
PMK2.06 24 0.77 0.68
PMK2.06 25 0.75 0.65
PMK2.06 26 0.62 0.54
PMK2.07 1 14.05 13.34
PMK2.07 2 4.29 3.45
PMK2.07 3 3.27 2.62
PMK2.07 4 1.72 1.35
PMK2.07 5 1.78 1.41
PMK2.07 6 0.93 0.86
PMK2.07 7 0.82 0.78
PMK2.07 8 1.00 0.82
PMK2.07 9 0.84 0.80
PMK2.07 10 0.99 0.87
PMK2.07 11 1.06 0.90
PMK2.07 12 1.42 1.15
Site Clam#
Length
(mm)
Width
(mm)
PMK3.02 2 15.03 13.81
PMK3.02 3 15.08 13.80
PMK3.02 4 14.62 13.02
PMK3.02 5 14.80 13.46
PMK3.02 6 14.40 12.73
PMK3.02 7 10.89 9.83
PMK3.02 8 12.21 10.67
PMK3.02 9 11.47 9.82
PMK3.02 10 11.18 9.46
PMK3.02 11 10.52 8.98
PMK3.02 12 9.53 7.94
PMK3.02 13 4.37 3.27
PMK3.02 14 3.87 2.94
PMK3.02 15 3.36 2.61
PMK3.02 16 3.12 2.48
PMK3.02 17 3.18 2.54
PMK3.02 18 2.30 1.76
PMK3.02 19 1.66 1.25
PMK3.02 20 0.73 0.67
PMK3.03 1 15.97 14.68
PMK3.03 2 15.83 14.32
PMK3.03 3 15.39 13.65
PMK3.03 4 15.63 13.95
PMK3.03 5 5.15 3.74
PMK3.03 6 4.67 3.57
PMK3.03 7 3.63 2.64
PMK3.03 8 3.31 2.60
PMK3.03 9 2.62 2.03
PMK3.03 10 3.21 2.46
PMK3.03 11 2.42 1.77
PMK3.03 12 1.76 1.45
PMK3.03 13 2.60 2.07
PMK3.03 14 2.15 1.65
PMK3.03 15 1.87 1.50
PMK3.03 16 2.27 1.82
PMK3.03 17 1.98 1.58
PMK3.03 18 2.33 1.85
PMK3.03 19 1.89 1.50
PMK3.03 20 1.32 1.15
PMK3.03 21 1.63 1.38
PMK3.03 22 1.57 1.30
PMK3.03 23 1.75 1.51
PMK3.03 24 1.64 1.41
PMK3.03 25 1.60 1.31
PMK3.03 26 1.70 1.44
Site Clam#
Length
(mm)
Width
(mm)
PMK2.07 13 1.45 1.23
PMK2.08 1 20.39 19.60
PMK2.08 2 15.98 14.99
PMK2.08 3 1.12 1.04
PMK2.08 4 0.94 0.82
PMK2.09 1 11.74 10.55
PMK2.09 2 4.98 3.78
PMK2.09 3 4.17 3.35
PMK2.09 4 2.11 1.61
PMK2.09 5 1.84 1.48
PMK2.09 6 5.61 4.19
PMK2.09 7 1.67 1.31
PMK2.09 8 1.51 1.23
PMK2.09 9 1.04 0.89
PMK2.09 10 1.02 0.92
PMK2.09 11 1.31 0.99
PMK2.09 12 1.11 0.97
PMK2.09 13 0.82 0.72
PMK2.09 14 0.83 0.70
PMK2.10 1 12.00 10.64
PMK2.10 2 6.34 5.14
PMK2.10 3 2.48 1.97
PMK2.10 4 1.53 1.22
PMK2.10 5 0.79 0.70
PMK2.10 6 1.03 0.90
PMK2.10 7 0.91 0.77
PMK3.01 1 14.65 13.65
PMK3.01 2 14.41 12.85
PMK3.01 3 14.25 12.75
PMK3.01 4 13.64 12.16
PMK3.01 5 7.05 5.46
PMK3.01 6 3.92 3.05
PMK3.01 7 2.86 2.26
PMK3.01 8 2.89 2.34
PMK3.01 9 2.42 1.86
PMK3.01 10 1.80 1.52
PMK3.01 11 1.43 1.20
PMK3.01 12 1.01 0.87
PMK3.01 13 0.98 0.85
PMK3.01 14 1.24 1.02
PMK3.01 15 0.76 0.65
PMK3.01 16 0.98 0.84
PMK3.01 17 1.59 1.30
PMK3.01 18 1.07 0.93
PMK3.02 1 14.31 12.58
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Appendix 12 (Continued). C.fluminea size data for Pamunkey River 20112 survey.
Site Clam#
Length
(mm)
Width
(mm)
PMK3.03 27 1.63 1.38
PMK3.03 28 1.37 1.12
PMK3.03 29 1.66 1.42
PMK3.03 30 1.42 1.17
PMK3.03 31 1.34 1.18
PMK3.03 32 1.06 0.88
PMK3.03 33 1.41 1.18
PMK3.03 34 1.31 1.08
PMK3.03 35 1.45 1.19
PMK3.03 36 1.36 1.22
PMK3.03 37 1.30 1.10
PMK3.03 38 1.43 1.10
PMK3.03 39 1.34 1.17
PMK3.03 40 1.46 1.22
PMK3.03 41 1.20 1.01
PMK3.03 42 1.16 1.03
PMK3.03 43 1.17 1.03
PMK3.03 44 1.01 0.89
PMK3.03 45 1.11 0.90
PMK3.03 46 0.85 0.84
PMK3.03 47 0.88 0.70
PMK3.03 48 1.02 0.86
PMK3.03 49 0.78 0.69
PMK3.03 50 0.75 0.65
PMK3.03 51 0.84 0.79
PMK3.03 52 0.54 0.45
PMK3.04 1 1.11 0.96
PMK3.04 2 1.17 1.00
PMK3.04 3 2.49 2.01
PMK3.05 1 2.01 1.61
PMK3.05 2 1.36 1.19
PMK3.05 3 1.29 1.08
PMK3.05 4 1.27 1.06
PMK3.06 1 2.64 2.18
PMK3.06 2 1.56 1.29
PMK3.06 3 1.45 1.26
PMK3.06 4 1.99 1.66
PMK3.06 5 1.22 1.09
PMK3.06 6 0.88 0.73
PMK3.06 7 1.02 0.88
PMK3.06 8 1.10 0.96
PMK3.07 1 1.25 1.02
PMK3.08 1 8.35 6.51
PMK3.08 2 1.30 1.06
PMK3.08 3 1.37 1.03
Site Clam#
Length
(mm)
Width
(mm)
PMK4.10 1 13.22 11.53
PMK4.10 2 12.42 10.36
PMK4.10 3 11.82 10.19
PMK4.10 4 11.09 9.79
PMK4.10 5 7.85 6.06
PMK4.10 6 4.91 3.91
Site Clam#
Length
(mm)
Width
(mm)
PMK3.08 4 1.29 1.06
PMK3.08 5 1.70 1.21
PMK3.08 6 1.12 0.94
PMK3.08 7 1.27 1.10
PMK3.08 8 2.04 1.59
PMK3.08 9 2.05 1.75
PMK3.08 10 2.11 1.60
PMK3.08 11 1.47 1.17
PMK3.08 12 0.98 0.79
PMK3.08 13 0.87 0.77
PMK3.08 14 0.88 0.71
PMK3.08 15 0.99 0.81
PMK3.08 16 0.71 0.67
PMK3.08 17 1.27 1.05
PMK3.08 18 0.87 0.81
PMK3.08 19 0.95 0.84
PMK3.08 20 1.11 0.92
PMK3.08 21 1.03 0.77
PMK3.08 22 0.98 0.79
PMK3.08 23 0.92 0.79
PMK3.08 24 0.92 0.69
PMK3.08 25 0.77 0.62
PMK3.08 26 1.08 0.81
PMK3.08 27 0.92 0.69
PMK3.08 28 0.97 0.75
PMK3.09 1 1.28 1.07
PMK3.09 2 1.10 0.98
PMK3.10 1 1.05 0.87
PMK3.10 2 1.04 0.86
PMK3.10 3 1.16 0.99
PMK3.10 4 1.24 1.01
PMK3.10 5 1.08 0.89
PMK3.10 6 1.63 1.27
PMK3.10 7 2.48 1.89
PMK3.10 8 1.62 1.27
PMK4.02 1 12.18 10.05
PMK4.04 1 0.86 0.77
PMK4.05 1 1.65 1.33
PMK4.06 1 0.87 0.73
PMK4.08 1 0.88 0.70
PMK4.08 2 1.07 0.90
PMK4.08 3 1.17 0.98
PMK4.08 4 1.20 0.98
PMK4.08 5 1.06 0.97
PMK4.08 6 1.12 0.91
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